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FOREWORD 


This  Final  Technical  Report  covers  all  work  performed  under  Contract 
F33615-72-C-2039  from  29  September  1972  through  31  October  1974.  The  report 
was  released  by  the  authors  In  November  1974. 

This  Contract  with  Grumman  Aerospace  Corporation,  Bethpage,  New  York, 
was  initiated  under  task  number  738107  "Exploratory  Development  of  Weld  Quality 
Definition  and  Correlation  with  Fatigue  Properties. " The  work  was  administered 
under  the  technical  direction  of  Mr.  Paul  L.  Hendricks  (AFML/MXA)  of  the 
Aeronautical  Systems  Branch,  Systems  Support  Division,  Air  Force  Materials 
Laboratory,  Wright- Patterson  Air  Force  Base,  Ohio. 

The  program  was  directed  by  Mr.  Robert  Witt,  Program  Manager,  and  Mr. 

Olev  Paul,  Project  Engineer.  Others  assisting  on  the  project  were  Messrs.  Albert 
Flescher,  Joel  Magnuson,  Harold  Ellison,  Vincent  Sgro  and  Salvatore  Stracquadaini 
of  Advanced  Materials  and  Processes  Development;  Messrs.  David  Layton,  Peter 
Donohue,  Robert  Zoellner  and  Robert  Wigger  of  Elements  and  Materials  Testing; 
Messrs.  Robert  Messier,  Jr, , and  Robert  Knappe  of  Metallurgy  and  Welding 
Engineering;  and  Mr.  Dennis  Becker  of  the  Quality  Control  Laboratory. 

This  project  was  accomplished  as  part  of  the  Air  Force  Manufacturing  Methods 
Program,  the  primary  objective  of  which  is  to  develop  on  a timely  basis,  manufacturing 
processes,  techniques  and  equipment  for  use  in  economical  production  of  aircraft 
materials  and  components. 
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SECTION  I 


INTRODUCTION 


A.  BACKGROUND 

In  the  past  two  decades,  the  usage  of  titanium  has  increased  dramatically. 
Welded  titanium  offers  more  efficient  light-weight  joint  design  than  aluminum  alloy 
systems  for  many  applications  in  supersonic  aircraft. 

Welded  structures  have  become  a reality  in  the  airframe  industry.  Major 
structures  have  been  designed  and  fabricated  in  titanium.  These  include  the  electron- 
beam-welded  titanium  propeller  hub  structure  for  the  Cheyenne  helicopter,  the  22- 
foot-long  F-14A  wing  center-section  which  contains  70  T1-6A1-4V  electron-beam 
welds,  a similar  box  welded  for  the  Messerschmitt  Mach  2 + MRCA, 
and  T1-6A1-4V  and  Ti-6Al-6V-2Sn  upper  and  lower  F-14A  wing  oovers  which  are 
electron-beam  welds  to  the  wing  pivot  fittings.  Melt-through  GTA  welding  of  titanium 
nas  been  developed  for  use  in  the  sine-wave  beams  on  the  vertical  fin  and  conven- 
tional GTA  welding  for  joining  bulkhead  forgings  of  the  new  B-l  bomber.  Recently, 
an  Air  Force  program  was  started  on  plasma-arc  welding  (PAW)  of  B-l  config- 
urations. In  engine  applications,  titanium  is  used  (often  in  sheet  thickness)  for  cas- 
ings, in  the  inner  fan  ducts,  and  forward  blades.  Fusion  welding  techniques  are 
often  considered  for  such  areas.  As  a result,  there  is  currently  considerable  inter- 
est in  using  welding  to  fabricate  future  aircraft  structures  and  engine  parts  of 
titanium. 

In  the  design  and  fabrication  of  such  parts,  the  presence  of  flaws  in  welds  must 
be  taken  into  account.  To  evaluate,  design,  fabricate  and  inspect  these  welds,  it  Is 
necessary  to  have  meaningful  guidelines  defining  defect  limits  based  on  engineering 
data  obtained  on  flawed  welded  elements  tested  under  representative  conditions.  To 
date,  design  allowables  for  high  integrity,  highly  stressed  welded  joints  in  aerospace 
structures  have  been  estimated  utilizing  artificially  induced  surface  defects. 

B.  OBJECTIVES 

The  primary  objective  of  this  program  was  to  determine  the  effects  of  typical 
weld  defeots  encountered  in  production  welding  of  T1-6A1-4V  titanium  alloy  on  fa- 
tigue characteristics  of  anomalous  welds.  To  achieve  the  primary  objective,  tech- 
niques had  to  be  developed  for  reproducible  fabrication  of  weld  defects  similar  to 
those  encountered  In  production  welding.  Development  of  these  techniques  constituted 
a secondary  objective. 

The  final  objective  of  the  program  was  the  correlation  of  the  generated  fatigue 
data  with  findings  of  non -destructive  inspections  and  fractcgraphlc  evaluations  to 
develop  guidelines  to  be  utilized  in  consideration  of  proposed  specifications. 
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C.  PROGRAM  SCOPE 

The  program  consisted  of  the  following  three  phases: 

t 

• Phase  I.  This  study  was  designed  to  demonstrate  (he  feasibility  of  produc- 
ing typical  defects  encountered  in  production  welding  of  TI-6A1-4V  titanium  alloy  by 
(intentional)  variation  of  processing  parameters,  and  characterise  these  defeots  by 
commercially  available  NDI  techniques.  The  types  of  specimens  evaluated  in  the 
course  of  these  studies  are  summarized  in  Table  I. 


Tabitl.  Phan  I Wridtof  Dafact  Spacemans 


VfttO  UfTVCi  StMCt 

Poroiity  EBW,  GTAW  EBW.PAW.6TAW.GMAW 

Mismatch  GTAW 

Underfill  GTAW 

Surfaca  Contamination  - EBW,  PAW 

Lack  of  Panatration  - EBW 

Rainforoamant  - PAW 

Undarcut  - PAW 

Bursts  - EBW 

Cracks  EBW,  GTAW  EBW,  PAW.  GMAW 

Flawtau  EBW, GTAW  EBW, PAW 

indusions  GTAW • ■ ■ 

s Phase  It.  This  was  the  major  effort  of  the  program.  It  encompassed  fab- 
rication of  (intentional)  weld  defeots  utilizing  parameters  developed  in  Phase  I and 
evaluation  of  their  fatigue  characteristics  in  tension-tension  <R  • 0.1)  tests.  Flawless 
welds  produced  by  identical  welding  processes  using  conventional  parameters  and 
base-metal  specimens  with  K.  stress  intensity  factors  of  one,  two  and  three  were 
processed  simultaneously  to  provide  baseline  data*  Phase  II  was  designed  to  study 


the  weld  anomalies  shown  in  Table  H. 


Phase  II  was  designed  to  study 
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Underfill 

Surf act  Contamination 

Lack  of  Pimtniion 

iwwonstwm 

Undercut 

Buna 

Cracki 
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GTAW 

GTAW,  EBW 
GTAW 
GTAW,  EBW 


6MAW,  GTAW,  EBW.  PAW 
GTAW,  PAW,  EBW 
GTAW,  PAW,  EBW 
GTAW,  PAW,  EBW 
GMAW 
GTAW,  PAW 
GTAW,  PAW 
EBW 
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GMAW,  GTAW.  PAW,  EBW 


I 


In  addition,  fatigue  characteristics  of  ED  welds  repaired  by  GTAW  manual  and 
mechanized  repair  techniques  were  evaluated. 

• Phase  HI.  This  phase  was  designed  to  analyze  fatigue  data  generated  in 
Phase  n as  related  to  pre-test  NDI  findings,  and  results  of  subsequent  fractographic 
studies  of  failed  test  specimens.  The  conclusions  of  Phase  in  are  summarized  in  a 
guideline  format  to  supplement  proposed  acceptance  criteria. 

The  general  procedures  utilized  in  the  fabrication  and  processing  of  experimental 
welds,  and  specific  parameters  developed  for  generation  of  intentional  defects  (Phase 
I)  are  discussed  in  Sections  IX  and  m,  respectively.  Fatigue  characteristics  of 
experimental  welds  produced  by  GTA,  EB,  PA  and  GMA  processes  (Phase  II)  are 
presented  in  Sections  IV  through  VII.  Proposed  acceptance  criteria  for  titanium  fu- 
sion welds  and  guidelines  relating  the  findings  of  this  investigation  to  proposed 
standards  (Phase  HI)  are  discussed  in  Section  VIII. 

Program  results  and  recommendations  pertaining  to  the  utilization  of  advanced 
nondestructive  inspection  (NDI)  techniques,  some  of  which  are  under  development,  to 
refine  the  generated  data  are  summarized  in  Section  DC. 
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SECTION  n 


EXPERIMENTAL  PROCEDURES 


A.  MATERIALS 

1.  Phase  I 

The  raw  materials  used  In  this  phase  were  0. 090-inch-thick  T1-6A1-4V  sheet 
in  the  annealed  condition,  and  0«  25-inch-thick  T1-6A1-4V  plate  in  the  STA  (solution 
treated  and  aged)  condition.  Prior  to  machining,  the  0-25-inch-thick  plate  was  heat 
treated  at  12S0°F  for  four  hours  to  obtain  an  STOA  (solution  treated  and  overaged) 
condition.  The  0. 090-inch-thick  sheet  was  utilised  in  the  "as-received"  (annealed) 
condition  to  expedite  initiation  of  the  experimental  studies,  since  the  condition  of  the 
base  material  was  not  expected  to  be  a significant  factor  in  parametrio  studios. 

2.  Phase  n 

The  materials  used  in  this  phase  were  0. 090-,  0.25-  and  1. 5-inch-thick  Tl- 
6A1-4V  alloy  sheet  and  plate  conforming  to  the  requirements  of  M1L-T-9046.  All 
materials  were  in  the  STOA  condition  which  was  obtained  by  the  following  heat  treat- 
ing method: 

• Solution  heat  treating  at  1750°F 

• Quenching  in  air  or  water 

• Aged  at  I250°F  for  four  hours  and  air  cooled 

The  0, 090-  and  0. 25-inch-thick  plates  were  air  quenched.  The  1.5 -inch-thick 
(date  was  water  quenched  from  the  solution  treating  temperature.  Data  on  vendors, 
beat  numbers,  chemical  analyses,  and  mechanical  properties  of  material  utilized  in 
Phase  H are  included  in  Appendix  A,  Figures  Al  throtgh  A5. 

B.  PROCESSING  OF  TEST  SPECIMENS 

A processing  flow  chart  for  all  test  specimens  utilised  In  this  program  is 
shown  in  Figure  i.  Details  and/or  additional  operations  involved  in  the  fabrication 
of  each  type  of  test  specimen  arc  discussed  in  subsequent  sections* 

1,  Machlntag  of  Weld  Blanks  (1) 

The  configurations  of  the  weld  blanks  utilised  in  Phases  1 and  U were  ss  follows: 
0. 090-inch -thick  sheet  - 8 * 18  inches 


^Numbers  in  parentheses  refer  to  operations  Indicated  in  Figure  1. 
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0. 25-inch-thick  plate  - 8 x 12  inch  (Phase  I) 

- 8 x 18  inch  (Phase  II) 

1.5-inch-thick  plate  - 15-1/2  x 36  inches 

The  blanks  were  machined  to  ascertain  alignment  of  the  rolling  direction  with 
the  longitudinal  axis  of  the  (welded)  test  specimens.  Flat  surfaces  of  0. 25-inch  thick 
plate  used  in  Phase  n were  milled  to  0. 240  - 0.245  inch  thickness. 

2.  Joint  Preparation  (2) 


Square  and  parallel  edges  were  used  in  blanks  designed  for  electron-beam 
welding.  Faying  surfaces  were  chamfered  to  give  an  included  angle  of  60  degrees 
for  GTA  and  GMA  welds  with  0.  060-0. 065-inch  wide  lands;  0.25-inch  thick  plate  used 
in  Phase  I was  given  an  included  angle  of  90  degrees.  For  manual  PAW  blanks  the 
included  angle  was  120  degrees  and  the  land  was  0. 030-inch.  Joint  preparation  utilized 
in  studies  of  repair  techniques  are  discussed  under  specific  headings. 


3.  Acid  Cleaning  (3,  10,  13) 


Pre-welding  and  pre-heat  treating  cleaning  and  post -heat  treating  descaling 
were  carried  out  in  a HF/HNOg/HgO  bath. 

4.  Welding  (4) 

This  discussion  pertains  to  equipment  and  general  procedures  applicable  to 
four  welding  processes  utilized  in  this  investigation.  Data  on  variations  of  process 
parameters  required  to  produce  required  anomalies  in  the  weld  are  presented  under 
specific  headings  in  subsequent  sections. 

a.  Electron-Beam  1EB)  Welding.  This  welding  operation  is  accomplished  in  a 
vacuum,  generally  10~4  torr,  or  leas.  The  welding  heat  is  generated  at  the 
joint  by  a stream  of  high-velocity  electrons  which,  upon  impingement  on  the  work- 
piece,  transfers  its  kinetic  energy  to  the  workpiece  and  heats  it  up. 

The  electron-beam  gun  consists  of  an  electrode,  an  anode  and  a focusing  coil. 
Magnetic  beam  focusing,  oscillation  and  deflection  are  provided.  Welding  param- 
eters relating  to  the  gun  are: 

• Voltage  and  Current  - variation  affects  penetration  in  direct  proportion, 
e Focus  - inversely  affects  penetration  by  varying  power  density. 

• Welding  Speed  (up  to  100  inches  per  minute)  - distributes  power  over  a given 
distance  In  a given  time. 
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The  amount  of  heat  which  is  introduced  into  a weid  joint  by  the  electron-beam 
may  be  calculated  by  the  following  equation: 

(V)  x (C)  x 60 

H 

I x 1000 

where  H = Heat  Input,  ldlojoules/inch 
y = Beam  Voltage,  kilovolts 
C = Beam  Current,  milliamperes 
I = Welding  Speed,  inches  per  minute 

A keyhole  EB  welding  technique  was  used  in  this  program.  This  required  that 
the  electron  beam  first  create  a hole  in  the  work.  As  the  electron-beam  advanced 
along  the  joint,  a weld  was  formed  by  the  following  three  simultaneously  occurring 
effects: 

• Metal  on  the  leading  side  of  the  hole  vaporized  and  then  condensed  to  form 
molten  metal  on  the  trailing  side  of  the  hole 

• The  molten  metal  on  the  leading  side  of  the  hole  flowed  to  the  trailing  side 
of  the  hole 

• The  molten  metal  thus  formed  continuously  filled  the  hole  and  solidified  as 
the  electron-beam  advanced. 

Electron-beam  welding  for  this  program  was  accomplished  using  a 30-kw  Sciaky 
electron-beam  welding  unit  (Figure  2).  This  unit  has  a rectangular  54-  x 50-  x 54-inch 
chamber  that  can  be  pumped  in  5 to  10  minutes,  incorporates  a 3-axis  movement 
system  and  has  welding  speeds  of  0-  to  100-inches  per  minute.  The  electron-beam 
gun  in  this  unit  has  the  same  characteristics  as  the  EB  gun  used  in  the  large  EBW 
production  chambers.  This  unit  is  used  by  both  production  and  development 
personnel. 

b.  Plasma-Arc  Welding  (PAW).  Plasma-arc  welding  is  an  arc  welding  process  in 
which  heat  is  produced  by  a constricted  arc  between  a non-consumable  tungsten 
electrode  and  a workpiece  establishing  a non-transferred  arc.  When  an  arc  is 
established  through  a gaseous  column  separating  two  electrodes,  some  of  the  gas 
becomes  ionized  and  is  called  plasma.  This  plasma,  or  current-conducting  section 
of  the  arc,  is  kept  hot  by  the  resistance  heating  effect  of  the  current  passing  through 
it.  Thermal  ionization  is  aided  by  the  constriction  caused  by  the  constricted 
orifice.  The  Incoming  gas  flow  causes  the  plasma  to  impinge  on  the  workpiece 
causing  melting. 


Figure  4.  Radiography  Equipment  for  Figure  5.  36'  X 12'  X 6'  Ultrasonic 

Inspection  of  Weld  Quality  Inspection  Tank 

Weldments 


Figure  8.  Sontag  Constant-Amplitude 

Fatigue  Machines  and  Multipliers 


The  plasma-arc  column  is  sufficiently  strong  to  produce  a keyhole -type 
weld.  This  means  that  the  plasma  jet  penetrates  through  the  entire  thickness  of  the 
butt  joint,  melting  the  adjacent  metal  but  not  expelling  it  from  the  weld  joint.  As  the 
weld  progresses,  the  base  metal  is  melted  ahead  of  the  keyhole,  flows  around  it  and 
solidifies  behind  the  keyhole  to  form  a weld  bead. 

The  welding  equipment  used  was  a 500-ampere  (DC),  fully  automatic  plasma-arc 
welding  unit.  The  associated  controls  (shielding  gas,  backup  gas,  orifice  gas  and 
water  flow)  as  well  as  sloping-in  and  sloping-out  of  the  weid  current  are  fully  auto- 
matic. This  equipment  is  shown  in  Figure  3. 


c.  Gas-Tungsten-Arc  (GTA)  Welding.  This  process  is  an  arc  welding  process  in 
which  the  heat  is  produced  between  a non-consumable  electrode  and  the  work  metal. 

The  electrode,  weld  puddle,  arc  and  adjacent  heat  areas  of  the  workpiece  are  protected 
from  atmospheric  contamination  by  a gaseous  shield.  This  shield  is  provided  by  a 
stream  of  inert  gas. 

Gas-tungsten-arc  welding  was  performed  utilizing  a 600-ampere  Seiaky  Boom 
Welder,  This  equipment  is  a standard  production  tool.  The  unit  has  an  8-foot  longi- 
tudinal movement  suitable  for  welding,  an  8-foot  vertical  travel  capacity  and  360° 
rotation  capability.  The  last  two  travel  capabilities  are  used  for  positioning  only. 

The  equipment  has  a constant-current,  automatic-voltage-control  system  and  main- 
tains a given  pre-set  arc  length.  Travel  speeds  range  from  0 to  100-ipm,  although 
welding  is  rarely  done  above  10  ipm  except  on  very  thin  gages. 


d.  Gas-Metal-Arc  (GMA)  Welding.  This  is  an  arc  welding  process  in  which  the 
heat  for  welding  is  generated  by  an  arc  between  a consumable  electrode  and  the 
workpiece.  The  electrode,  a solid  bare  wire  that  is  continuously  fed  into  the  weld 
area,  becomes  the  filler  metal  as  it  is  oonsumed.  The  electrode,  weld  puddle,  arc 
and  adjaoent  areas  of  the  base  metal  are  protected  from  atmospheric  contamination 
by  a gaseous  shield  provided  by  a stream  of  gas  fed  through  the  electrode  holder 
and  a trailing  shield. 

GMA  welding  was  accomplished  using  a convertible  manual  GMA  torch  in  an 
automatic  mode  on  a Unde  SV-1  500-ampere  power  supply.  This  toroh  was  hard- 
mounted  on  the  boom  welder  used  in  the  GTA  welding  process.  Argon  gas  was  used 
as  the  inert  shielding  gas. 
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5.  WELD  CHABACTERIZATION  (5,  8,  14) 

a.  Equipment 

The  non-destructive  examination/weld  characterization  to  which  welds  were 
subjected  was  accomplished  using  the  NDI  equipment  developed  for  the  production 
electron -beam  welding  of  aerospace  components.  Radiographic  and  ultrasonic  in- 
spections were  accomplished  in  the  same  area.  There  were  two  320Kv-30Ma  X-ray 
units  available  for  use  (Figure  4).  The  radiographs  produced  by  this  facility  provided 
1-percent  sensitivity  on  the  material  used.  Ultrasonic  inspection  was  accomplished 
in  a 3-1/2  x 12  x 6-foot  water  tank  which  is  also  used  for  production  weld  inspection 
(Figure  5). 

Dye-penetrant  inspection  utilized  in  Phase  I was  accomplished  in  an  area  de- 
tached from  the  above  inspection  area.  This  area  has  the  capability  of  using  either 
fluorescent,  penetrant  or  visible  techniques. 

b.  Inspection  Procedures 


The  basic  purpose  of  non -destructive  inspection  was  to  demonstrate  the  cap- 
ability of  producing  only  one  type  of  defect  per  weld,  that  is,  to  ascertain  that  if  a 
weld  required  an  undercut,  underfill  or  reinforcement-type  of  defect,  it  could  not 
have  any  other  type  of  defect  associated  with  it  (e.g. , internal  porosity). 

Weld  evaluation  for  this  program  was  performed  at  several  intervals  during 
the  weld  production  cycle,  as  follows: 

• After  initial  welding  - radiographio  inspection.  Dye  penetrant  and  metal- 
lographic  inspections  were  also  used  in  Phase  I. 

• After  machining  of  weld  - radiographic  inspection  and  ultrasonic  inspection 
(for  1.5 -in.  thick  plate) 

• After  machining  of  (contoured)  specimen  - documentation  of  weld  contours 

• After  fatigue  testing  to  failure  - fractography  of  failed  surfaces. 

This  intensive  nondestructive  inspection  program  made  possible  the  charac- 
terization of  every  weld  based  on  its  inspection  records.  Initial  radiographio  in- 
spection was  applied  on  a 100-percent  basis  to  all  welds  to  establish  the  suitability 
of  that  weld  for  future  operations  and  indicated  the  basic  defect  or  laok  of  defects. 

In  addition  to  radiographic  inspection  in  Phase  I metal  log  raphic  samples  were  also 
taken,  together  with  selective  employment  of  dye  penetrant  inspection  of  the  weld 
surfaces.  The  metallographlo  sample  allowed  the  examination  of  a representative 
section  of  the  weld  for  profile  evaluation  and  actual  defect  demonstration.  The 
application  of  the  dye  penetrant  as  an  inspection  tool  was  limited  to  the  crack  speci- 
mens. The  fluid  used  for  this  inspection  was  a water-base  titanium-compatible  in- 
spection fluid. 

A second  inspection  followed  immediately  after  flush  machining  of  the  crown 
and  root  of  the  weld.  This  radiograph  was  compared  with  the  initial  X-ray  film  and 
evaluated  for  the  specific  defect.  If  the  weld  required  a defect  which  did  not  allow  the 
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weld  bead  to  be  machined  flush,  this  inspection  would  be  the  critical  test  to  demon- 
strate the  capability,  of  producing  only  one  type  of  defect  without  having  any  other  de- 
fect generated  as  an  unwanted  by-product. 

The  application  of  ultrasonic  evaluation  at  this  point  was  limited.  Attempts 
were  made  to  utilize  a water  immersion  15-MHz,  longitudinal-wave,  pulse-echo  sys- 
tem on  the  0. 250-inch  thick  material.  This  inspection  system  is  in  production  use  for 
the  examination  of  electron-beam  weldments.  The  results  were  unsatisfactory,  since 
the  C-Scan  was  unable  to  separate  the  front  face  of  the  material  from  the  bade  face, 
because  of  the  thinness  of  the  material.  Attempts  to  utilize  a shear  wave  system 
were  somewhat  more  successful.  This  method  did  separate  the  front  face  from  the 
back  face,  but  the  lack  of  an  available  standard  with  which  to  calibrate  the  system 
limited  its  effectiveness.  Ultrasonic  C-Scan  techniques  were  employed  to  charac- 
terize all  1. 5-inch-thick  specimens. 

The  third  inspection  point  was  limited  to  welded  specimens  with  contour 
anomalies  such  as  underfill,  mismatch  and  others.  For  these  specimens,  the  weld 
contours  were  projected  on  the  screen  of  an  optical  comparator  at  10X  magnification 
and  documented  by  tracing  on  the  graph  paper  positioned  on  the  screen. 

The  fourth  and  final  inspection  point  involved  examination  of  the  failed  fatigue 
test  coupons  and  identification  of  the  failure-initiating  defect.  The  failure  origin 
was  examined  and  correlated  with  available  radiographic  films  and  ultrasonic  C-soan 
printouts. 

6.  Identification  of  Test  Specimen  Configurations  (8) 

The  configurations  of  test  specimens  used  in  both  phases  of  this  program  are 
shown  in  Figures  A6  to  A13  (Appendix  A), 

To  maintain  a positive  tracking  system  for  each  speoimen,  the  following  identi- 
fication system  employing  up  to  seven  symbols  using  numbers  and  letters  was 
devised: 

• Symbol  1 identified  the  material  thickneso:  8 » 0. 080-inch;  8 « 0.090-inch; 

4 a 0.260-inch  and  15  = 1.500  inches,- 

• Symbol  2 identified  the  welding  process  used;  EB  = Electron-Beam  Welding, 
PAW  = Plasma-Arc  Welding,  GTAW  *»  Gas-Tungsten-Arc  Welding,  GMAW  = 
Gas-Metal-Arc  Welding 

• Symbol  3 identified  the  contract  phase:  No  number  identifies  Phase  I; 

2 identifies  work  done  during  Phase  II 

• Symbol  4 identified  the  specific  weld  defect:  B a Bursts;  I - Tungsten  In- 
clusions; P « Porosity;  UC  13  Undercut;  UF  = Underfill;  MS  = Mismatch; 

R a Reinforcement;  SU  - Surface  Contamination;  LP  = Lack  of  Penetration; 

C » Cracks  and  F = Flawless 
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• Symbol  5 identified  the  condition  of  the  weld  bead:  X signifies  that  the 
weld  has  not  been  machined  flush;  M identifies  that  the  weld  bead  has  been 
machined  flush  on  top  and  bottom 

• Symbol  6 identified  the  weld  blank  number 

• Symbol  7 Identified  the  specimen  machined  from  a given  blank. 

The  following  is  an  example  of  the  use  of  this  specimen  identification  system. 
Specimen  4-PAW- PM-2-1  means  that  it  is  the  first  specimen  of  the  second  0.250-inch 
thick  plasma-arc  welded  blank  with  a porosity-type  weld  that  has  been  machined 
flush. 

7.  Fatigue  Tests 


Fatigue  characteristics  were  determined  in  constant-amplitude  tension-tension 
<R  = 0.1)  fatigue  tests  at  frequencies  of  1800-cpm  and  20-opm.  The  Sonntag  SFl4and 
SF-104  testing  machines  shown  in  Figure  6 were  utilized  to  test  the  0.090  and  0.25-inch- 
thick  specimens.  The  1, 000,000-pound  capacity  MTS  system  shown  in  Figure  7 was 
used  to  test  the  1. 6 -inch  thick  specimens. 
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Flpirt7.  OiifrMlIlion'Found  MTS  Testing  Machine 
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SECTION  m 


DEVELOPMENT  OF  PARAMETERS  FOR  INTENTIONAL 
PRODUCTION  OF  WELD  DEFECTS  - PHASE  I 


A.  PROCEDURES 

Desired  defects  were  produced  by  variations  of  conventional  processing  param- 
eters which  could  Inadvertently  occur  In  production  welding.  "Salting”  or  deliberate 
defect  placement  was  not  employed.  Blanks  utilized  In  GTA,  GMA  and  PAW  pro- 
cesses were  chamfered  and  all  blanks  were  acid-cleaned  prior  to  welding,  unless 
otherwise  specified.  A summary  of  all  approaches  considered  In  intentional  manu- 
facturing of  defects  Is  presented  below.  Detailed  data  on  parameters  utilized  in  these 
studies  are  discussed  in  Subsection  B. 

1.  Porosity 

The  approaches  used  were: 

• Variation  of  weld  parameters  - speed,  voltage,  amperage 

• Lack  of  sufficient  cleaning 

• Application  of  a shop  fluid  to  the  faying  surfaces,  i.e. , water-soluble  cutting 
oil,  vacuum  oil,  hydraulic  oil,  hydrocarbon  oil,  vacuum  grease 

• Dry  abrasive  blast  residue 

• Acid  residue  - HF/HNO3/H2O 

• Sawcut  edges 

• Titanium  oxide  layer  - formed  by  Immersion  in  HNOg  solution. 

The  methods  which  produced  defects  in  the  most  reproducible  fashion  were 
seleoted  for  use  in  fabricating  tests  specimens. 

2.  Mismatch 


This  defect  was  produced  by  placing  aluminum  shims  of  different  thicknesses 
under  one  of  die  two  plates  to  be  welded,  thereby  creating  a mismatch. 

3.  Underfill 

The  specimens  were  produced  by  eliminating  the  filler  wire  and/or  increasing 
the  welding  speed. 
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4.  Surface  Contamination 

The  methods  used  to  obtain  this  type  of  defect  were: 

• Electron-Beam  (EB)  Welding  - applying  vacuum  grease  or  vacuum  oil  on 
faying  surfaces 

• Gas-Tungsten-Arc  (GTA)  and  Plasma-Arc  Welding  (PAW)  - varying  flow  of 
Inert  shielding  gases. 

5.  Lack  of  Penetration 

The  method  used  to  obtain  lack  of  penetration  in  EB  welds  consisted  of  re- 
ducing power  to  obtain  a wider  yet  less  penetrating  beam.  For  GMA  welds,  this  de- 
fect was  produced  by  decreasing  the  amperage  and  Increasing  the  travel  speed. 

6.  Reinforcement 

Reinforcement  was  produced  in  PAW  and  GTA  weldments  by  varying  the  weld 
speed  and/or  use  of  filler  wire,  and  by  increasing  the  feed  rate  of  the  filler  wire, 
respectively. 

7.  Undercut. 


Undercuts  were  produced  in  PAW  weldments  by  increasing  the  orifice  gas  flow 
rate,  amperage  and  weld  speed,  hi  GTA  welds  undercuts  were  produced  by  Increas- 
ing the  arc  amperage  on  the  second  pass. 

8.  Inclusions 

Tungsten  inclusions  were  produced  in  GTA  weldments  by  "TIG  Tacking",  a 
technique  which  allows  the  electrode  to  touch  the  weld  puddle. 

9.  Bursts 

Intentional  generation  of  bursts  in  EB  weldments  included  consideration  of  the 
following  variables: 

e Geometry  of  weld  blanks  e Staggered  locking  passes 

e Weld  speed  e Use  of  copper  chills 

e Beat  input  e Welding  on  inaerts 

e Repetitive  passes 

A successful  method  for  burst  generation  in  1.5-loch -thick  EB  weldments  was 
developed  based  on  a hypothesis  pertaining  to  the  change  in  the  shape  of  the  molten 
puddle  accompanying  the  transition  from  full  to  partial  penetration. 

10.  Cracks 

Attempts  to  produce  cracks  involved  welding  under  restrained  conditions  and/or 
•training  of  existing  welds  by  circumferential  welding  to  backup  assemblies. 
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11.  Base  Metal  Fatigue  Endurance 


Fatigue  characteristics  of  0. 080-  and  0. 25-inch-thick  base-metal  specimens 
were  evaluated  at  stress  Intensity  (Kj)  factors  of  one  (unnotched),  two  and  three. 

The  fatigue  endurance  of  1. 5-inch-thick  base-metal  specimens  was  determined  only 
in  the  unnotched  condition.  Data  obtained  are  presented  in  Appendix  A,  Table  A-9. 
Base-metal  fatigue  endurance  curves  at  several  stress  intensity  levels  served  as  a 
basis  for  evaluating  the  effect  of  weld  anomalies  on  fatigue  characteristics. 

B.  DEMONSTRATION  OF  THE  FEASIBILITY  OF  GENERATING  INTENTIONAL 
DEFECTS 

The  following  summarizes  efforts  designed  to  demonstrate  the  feasibility  of 
generating  intentional  defects  by  simulating  variations  in  parameters  which  could  be 
Inadvertently  encountered  in  production  welding.  Most  of  these  studies  ^were  con- 
ducted in  Phase  I of  the  program  which  preceded  fabrication  and  testing  of  EB,  PA, 
GTA  and  GMA  welded  specimens  containing  Internal  or  external  defects.  T^ie  results 
of  these  studies  are  summarized  below.  Detailed  data  pertaining  to  weld  parameters 
and  defect  characterization  are  presented  in  Appendix  A,  Tables  A-l  through  A-8. 

1.  Porosity 

a.  Gas-Tungsten-Arc  Welding.  Porosity  was  introduced  into  the  weld  by  two 
methods:  (1)  exposure  of  faying  surfaces  to  shop  environment  prtor  to  welding  and, 
(2)  addition  of  hydrocarbon  oil  to  the  faying  surface  by  wiping,  duplicating  shop  con- 
tamination. The  weld  profile  obtained  by  this  process  is  shown  in  Figure  8. 

Method  1 introduced  spaced  porosity  with  an  average  pore  size  of  0.007  Inch 
{based  on  radiographic  Interpretation).  It  was  not  a clustered  type  of  porosity,  but 
spaced  linear  porosity  located  predominately  on  one  side  of  the  weld;  this  was  the 
aide  exposed  to  shop  air  for  48  hours  while  in  the  weld  fixture.  The  mating  half  waa 
radiographically  clean. 

Method  2 produced  spaced  porosity  located  along  the  outer  edges  of  the  weld. 
This  porosity  was  sized  to  be  0.007  to  0.020  inch,  with  an  average  pore  size  of 
0.015  inch  based  on  radiographic  examination.  Mctallographie  examination  indicated 
clusters  of  extremely  fine  porosity  located  throughout  the  grain  and  grain  boundary 
similar  to  Figure  9.  Figure  1G  illustrates  a 0.015  inch  pore  detected  in  the  9GTA- 
PX-2  weld. 

b.  Gaa-Metai-Arc  Welding.  Porosity  in  GMA  welds  could  be  generated  by  three 
methods:  (1)  exposure  tewp  environment  followed  by  application  of  machining  oil, 
(2)  grit  blasting  of  faying  surfaces,  and  (3)  exposure  to  shop  environment  followed  by 
handling  without  protective  gloves.  A micrograph  of  a typical  pore  generated  in  GMA 
weldments  Is  shown  in  Figure  13. 

c.  Electron-Beam  Welding.  - Several  techniques  were  utilized  to  introduce  porosity 
into  electron-beam  weidea  joints.  Twenty -one  welds,  using  various  techniques, 
were  mads  to  produce  porosity-containing  welds  4EB-PX I through  4EB-PX-21. 

The  sucoesaful  techniques  were:  (1)  Diy  abrasion  grit  blasting  without  subsequent 
sold  cleaning  of  milted/edgea,  (8)  Saw-cut  edges  - solvent  wiped  only,  no  acid 
cleaning,  (3)  Variation  in  weld  speed  - milled  edges,  (4)  Addition  of  water- 
soluble  cutting  Quid  to  faying  surfaces  - milled  and  saw  cut  edges,  (5)  Combination! 
of  Item*  (2),  (3),  and  (4). 
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Dry  abrasion  grit  blasting  produced  porosity  on  the  side  of  the  weld  which  had 
the  abrasion  grit  residue.  In  this  case,  aluminum  oxide  grit  was  applied  to  milled 
surfaces  without  subsequent  acid  cleaning.  This  generated  porosity  was  approxi- 
mately 0.005  inch  in  size  and  linear  in  nature.  This  weld  is  Identified  as  4EB-PX-1 
(Figure  11). 

The  use  of  saw-cut  edges  to  introduce  porosity  was  also  successful;  the  poros- 
ity generated  by  this  technique  was  of  the  scattered-linear  type  and  ranged  In  size 
from  0.005  to  0.015  Inch.  Tills  is  demonstrated  by  Welds  4EB-PX-6  and  9 (Figure 
12).  Variations  in  weld  speed  (Welds  4EB-PX-17  and  19)  also  produced  similar  poros- 
ity distribution,  with  the  porosity  size  increasing  as  the  weld  speed  increased. 

The  addition  of  a water-soluble  saw  cutting  oil  to  the  faying  surfaces  was  ex- 
tremely effective  in  the  generation  of  porosity.  This  technique,  together  with  the  in- 
crease in  welding  speed  and  saw  cut  edges,  resulted  in  the  porosity  shown  in  Figures 
14  and  15. 

Metallurgical  sectioning  performed  on  the  root  side  of  Weld  4EB-PX-21,  pol- 
ished parallel  to  the  welding  direction  0.025  inch  into  the  base  metal,  revealed  a 
double -track  porosity  with  sizes  ranging  from  less  than  0.001  inch  in  diameter  to 
0.005  inch  in  diameter  (Figure  16), 

d.  Plasma-Arc  Welding.  Porosity  was  Introduced  into  the  weld  by  applying 
either  hydrocarbon  oil  oracidto  the  faying  surfaces  Just  prior  to  welding. 

Method  1 introduced  linear  porosity  at  the  side  of  the  weld  to  which  hydro- 
carbon oil  was  applied,  as  represented  by  Weld  4PAW-PX-2.  This  allowed  place- 
ment of  the  porosity  to  either  or  both  sides  of  the  weld.  The  porosity  developed  by 
this  technique  ranged  between  0.005  to  0.020  inch  with  an  average  size  of  0.010  inch. 
The  distribution  was  of  a continuous  linear  type. 

Method  2,  the  acid -cleaning  residue  (IfF  HNO.-HgO),  is  represented  by  Weld 
4PAW-PX-3.  This  produced  linear  type  porosity  with  a size  range  of  0.003  to  0.010 
inch  maximum,  with  an  average  size  of  0.005  inch.  Figures  17,  1$,  and  10  illustrate 
4-PAW- PX  series  weld  profiles  and  associated  porosity. 

2.  tack  of  Penetration 


tn  Phase  1,  it  was  necessary  to  produce  this  defect  in  0.350  inch-thick  electron- 
beam  weldments.  Two  approaches  wore  used:  (1)  missing  seams,  and  (2)  varying  the 
applied  voltage,  amperage,  focus  current  and  weld  speed.  It  was  found  (hat  the  most 
important  variable  was  focus  current.  Settings  were  developed  to  produce  bah  welds 
with  approximately  50$  and  SOI;  penetration.  Welds  4KB-LPX-1-2  and  -3  represent 
Method  1 and  Welds  4EB-LFX-4  and  -5  represent  Method  2. 


Figures  20  and  21  illustrate  the  welds  produced  by  the  missed  seam  technique. 
Figures  22  and  23  illustrate  the  parameter  variation  technique.  The  two  defect  levels 
selected  were  701  and  901  penetration.  The  technique  selected  for  Phase  II  specimen 
production  was  that  of  varying  beam  p»wer. 
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3.  Undercut 


In  Phase  I,  this  defect  was  produced  in  the  0. 250  inch  plasma-arc  weldments. 
Two  approaches  were  used:  (1)  elimination  of  filler  wire,  and  (2)  increasing  orifice 
gas  flow.  The  initial  approach  (eliminating  filler  wire)  produced  underfills.  The 
second  approach  (increasing  orifice  gas  flow  from  lOcfm  to  13cfm  and  I5cfm,  in- 
creasing the  welding  speed  and  eliminating  filler  wire)  resulted  in  the  generation  of 
two  levels  of  undercut  - 0.004  and  0.010  inch.  Weld  4PAW-UCX-3  (Figure  24)  con- 
tained 0.004  inch  undercut.  Weld  4-PAW-UCX-3  (Figure  25)  contained  0. 011  inch 
undercut.  Further  increases  in  orifice  gas  flow  resulted  in  the  generation  of 
C.  022-inch-deep  undercut  (Figure  26).  The  parameters  utilized  in  production  of 
0. 022 -inch-undercut,  however,  resulted  in  the  generation  of  additional  defects  in 
the  first  half  of  the  weld. 

4.  UnderfHl 


In  Phase  I,  this  defect  was  produced  in  the  0.090-inch-thick  GTA  weldments. 
The  two  welds  produced  (9GTA-UFX-1  and -2)  are  shown  in  Figure  27.  These  weld- 
ments were  produced  by  varying  the  weld  travel  speed  without  the  use  of  filler  wire. 
Welds  9GTA-UFX-1  and  -2  resulted  in  underfills  of  0.011  and  0.022  inch. 

5.  Inclusions 


Several  approaches  were  evaluated  for  incorporating  tungsten  into  the  molten 
puddle  on  GTA  welding.  The  initial  approach  was  to  introduce  tungsten  into  the  weld 
puddle  by  tack  welding  the  two  plates  together  in  the  weld  fixture  and  allowing  the 
electrode  to  touch  the  weld  puddle,  depositing  tungsten.  The  deposit  was  then  covered 
with  weld  metal  using  a single-pass  weld.  Radiographic  examination  indicated  the 
tungsten  inclusion  to  be  pore-free.  However,  metallographic  sectioning  revealed  that 
tungsten  sank  to  the  bottom  of  the  weld,  resulting  in  an  unusable  weld  defect,  since 
the  inclusion  would  be  removed  when  the  weld  bead  was  machined  flush.  Several  ad- 
ditional attempts  were  made  using  two-pass  and  three-pass  weld  operations  with  the 
tungsten  being  placed  prior  to  the  last  pass.  Success  was  finally  achieved  on  a random 
basis  using  the  two-pass  system. 

There  was  no  way  to  predict  whether  a tungsten  inclusion  would  be  located  in  a 
usable  portion  of  the  weld.  The  ability  to  develop  defects  of  different  sizes  is  solely 
a function  of  the  mass  of  the  tungsten  electrode  breaking  off  in  the  puddle.  The  tung- 
sten electrodes  used  were  of  the  2%  thoriated  tungsten  type  with  diameters  varying 
from  0.020  to  0. 060  inch.  Various  taper  lengths  were  also  used  in  an  effort  to  gen- 
erate tungsten  inclusions. 

Examination  of  Figure  28,  which  shows  metallurgical  cross-sections  of  a 12- 
inch-long  weld,  reveals  the  r dom  nature  of  this  operation.  Seven  tungsten 
deposits  were  made  utilizing  the  two-pass  technique  and,  in  all  cases,  the  tung- 
sten sank  towards  the  bottom  of  the  weld  puddle  resulting  in  two  useable  samples. 

They  had  approximately  rectangular  configurations  ranging  in  size  from  0.005  to 
0.050  inch. 

6.  Mismatch 


This  defect  was  obtained  by  the  addition  of  shims  under  one  .of  the  two  butting 
plates.  Shims  of  0.016  and  0.025  Inch  were  used  to  establish  the  two  defect  levels. 
The  fabrication  of  this  specimen  utilized  acid-cleaned,  milled  plates.  Measurements 
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Figure  24.  Slight  Undercut  in  MMd  4PAW-UCX-3 
(6XMAG) 


Figure  26.  Extensive  Undercut  in  Weld  4PAW- 
UCX-6  (10X  MAG) 


Figure  28.  Meteilogrephic  Section  of  a OTA 
Test  Weld  Showing  Tungsten  Inclu- 
sions. (2.6X  MAO) 


Figure  25.  Intarmediete-Depth  Undercut  in 
Weid  4PAW-UCX-4  (10X  MAG) 


Figure  27.  Underfill  in  Welds  9GTA-UFX-1  and 
•2  (6.5X  MAG) 
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Figure  29.  MetaHographic  Section  of  Welds 
9GTA-M5X-1, 2 Showing  the  In- 
tended Mismatch  (4X  MAG) 
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performed  on  metallographic  sections  of  0. 080  inch  GTA  welds  (Figure  29)  revealed 
offsets  of  0. 013  and  0. 023  inch  for  0. 016-  and  0. 025-inch  shims*  respectively. 
Radiographic  examination  revealed  that  both  welds  were  pore-free. 

7.  Reinforcement 


The  concept  of  reinforcement  identifies  the  weld  defect  in  which  the  weld  bead 
is  left  Intact  and  the  height  of  the  crown  is  varied,  concurrently  changing  the  angle 
of  departure  of  the  crown  from  the  base  metal.  Ihe  feasibility  of  intentionally  pro- 
ducing this  defect  was  demonstrated  on  two  0. 25-inch  PAW  specimens  which  had  sig- 
nificant variations  in  crown  height  and  were  free  from  internal  defects. 

8.  Surface  Contamination 


This  defect  was  produced  by  two  welding  processes  - electron-beam  welding 
(EBW)  and  plasma-arc  welding  (PAW). 

a.  Electron-Beam  Welding.  The  approach  used  in  EB  welding  was  to  apply  vacuum 
grease  (Dow  Corning-971V  silicon  vacuum  lubricant)  to  the  faying  surfaces  of 

the  weld  Joint  (Weld  4EB-SUX-4).  Additional  samples  were  also  produced  using  a 
light  coat  (4EB-SUX-1)  and  a heavy  coat  (4EB-SUX-2)  of  vacuum  oil,  and  one  with 
hydrocarbon  oil  (4EB-SUX-3).  Hardness  readings  performed  on  cross-sections  of 
all  four  samples  revealed  no  hardness  increase  attributable  to  surface  contamination. 
All  hardness  readings  (Figure  30)  were  taken  from  the  weld  crown  inward  using  a 
standard  microhardness  testing  device  with  a 100-gram  load.  Weld  4EB-SUX-4  is 
shown  in  Figure  31.  No  hardness  increase  was  detected  in  any  of  the  welds  ex- 
amined. 

b.  Plasma-Arc  Welding.  Surface  contamination  in  plasma-arc  weldments  was  pro- 
duced  by  varying  the  flow  of  shielding  and  orifice  gases.  Three  specimens  were 
fabricated.  The  first  specimen  (4PAW-SUX-1)  was  produced  with  the  flow  of  all 
gases,  except  the  orifice  gas,  being  reduced  by  75%.  The  second  specimen 
(4PAW-SUX-2)  was  produced  with  the  flow  of  all  gases,  except  the  orifice  gas, 
being  reduced  by  50%.  The  third  specimen  (4PAW-SUX-3)  was  produced  with 

the  flow  of  all  gases  being  normal  except  the  trailing  gas  shield,  which  was  turned 
off.  These  welds  are  shown  in  Figures  32,  33  and  34. 

Metallographic  examination  of  each  weld  revealed  a normal  microstructure 
except  for  Weld  4PAW-SUX-3  which  exhibited  a surface  layer  of  alpha  grains.  The 
microstructures  of  all  three  weldments  are  shown  in  Figures  35,  36,  37  and  38. 
Hardness  traverses  performed  on  each  weld  from  the  weld  crown  inward  revealed  a 
hardness  increase  only  for  Weld  4PAW-SUX-3,  These  hardness  traverses  are  shown 
in  Figure  39.  In  each  case,  duplicate  traverses  were  performed  to  verify  the  re- 
sults. 

9.  Cracks 


The  initial  attempts  to  produce  cracks  were  based  on  welding  blank  halves  to- 
gether under  high  restraint  conditions,  with  sufficient  weld  passes  applied  to  Intro- 
duce weld  craoking.  This  restraint  condition  was  developed  by  welding  the  blank 
halves,  19x30x1-3/4,  to  2-lnch  T1-6A1-4V  STA  backing  plate.  Welding  of  these 
plates  to  the  backing  plates  was  initially  accomplished  by  manual  GTA  welding.  Weld 
4EB-SHX-1  was  fabricated  this  way.  Inability  to  eliminate  the  preweid  butt  joint  gap 
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Figure  31.  Weld  4EB-SUX-4.  Microhardness 
Tracts  on  Wald  Cross  Section 
(10XMAG) 


Figure  32.  Weld  4PAW-SUX-1.  Surface  Con- 
tamination Resulting  from  Gas-Flow- 
Rate  Variation* 
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Figure  33.  Weld  4PAW-SUX-2.  Surface  Con- 
lamination  Resulting  from  Gas  Flow 
Rate  Variation* 


Figure  34.  Weid  4PAW-SUX-3.  Surfaoe  Con- 
tamination Resulting  from  Gas  Flow 
Rate  Variation* 


•The  arrow  indicates  the  location  where  the 
metallurgical  section  was  made  for  the  micro- 
hardness  survey 
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necessitated  the  addition  of  tooling  bolts  and  a change  to  EB  fillet  welding  to  attach 
blade  halves  to  the  strongback  plates.  This  technique  was  utilized  to  produce  the  re- 
maining specimens  (Weld  4EB-CX-2  and  4PAW-CX-1  and  2).  Figure  40  illustrates 
the  plate/backing  configuration. 

Joining  of  blank  halves  was  performed  using  a single  weld  pass  without  the  use 
of  filler  wire,  with  a cool-down  to  room  temperature  between  each  pass.  Each  new 
weld  pass  was  applied  in  the  same  direction  as  the  previous  pass.  Both,  plasma- 
arc  and  electron-beam  welding  processes  were  utilized  in  the  initial  studies  con- 
ducted on  0.25-inch-thick  plate. 

a.  Plasma-Arc  Welding,  Two  fully  restrained  specimens  were  fabricated  (Welds 
4PAW-CX-1  and  -2),  Tne  technique  used  was  one  of  continually  increasing  the  beat 
input  until  the  keyhole  conditions  were  obtained.  Ho  filler  wire  was  used.  Seven 
passes  were  applied  to  Weld  4PAW-CX-1  with  a change  in  the  weld  direction  in  the 
second  pass.  Dye-penetrant  and  radiographic  Inspection  performed  on  this  weld  be- 
tween passes  (see  Appendix  A)  failed  to  reveal  any  crack  indications.  During  the 
seventh  weld  pass,  the  weld  metal  dropped  through  the  weld  joint,  resulting  in  the 
termination  of  subsequent  welding.  The  second  specimen  (Weld  4PAW-CX-2)  was 
subjected  to  six  passes  with  intermediate  NDI  (dye  penetrant  and  radiographic)  be- 
tween passes.  The  weld  remained  intact  after  the  6tb  pass.  Results  of  in-process 
NDI  indicated  that  no  cracks  could  be  produced  under  these  restraint  conditions. 


b.  Electron-Beam  Welding.  Two  fully  restrained  specimens  were  produced  (Welds 
4EB-CX-1  and  -2).  The  technique  used  was  one  of  repeated  weld  passes.  Weld  4EB- 
CX-1  was  unusable  after  two  weld  passes,  due  to  the  excessive  weld  joint  gap  caused 
by  the  existing  GTA  welds  which  joined  the  weld  plates  to  the  strongback. 

Weld  4EB-CX-2  was  subjected  to  eleven  weld  passes  with  intermediate  dye 
penetrant  and  radiographic  inspections.  In  an  effort  to  minimize  weld  drop  through, 
the  heat  input  was  decreased  and  the  assembly  allowed  to  cool  between  welding 
passes.  No  oraoks  were  detected  by  in-process  NDI,  Metallography  performed  on 
this  weld  after  completion  of  the  11th  pass  revealed  a satisfactory  microstructure 
with  excessive  underfill,  but  no  cracks  (Figure  41). 

c.  Stressing  of  Existing  Root  Welds 

In  the  subsequent  attempt  to  generate  cracks  in  T1-6A1-4V  weldments,  two 
halves  of  a 0.25-inch  weld  blank  were  positioned  on  the  backup  plate  so  that  the  faying 
surfaces  were  located  directly  over  tbs  slot  machined  in  the  backup  plate  aa  shown  in 
Figure  42.  A low-penetration,  manual  PAW  pass  was  made  to  join  the  halves.  The 
blank  waa  subsequently  welded  to  the  backup  plate  by  circumferential  PAW  passes  on 
all  four  aides.  The  rationale  for  this  approach  was  based  on  calculations  indicating 
that  considerable  multlaxlal  stresses  should  be  generated  in  die  root  weld  by  circum- 
ferential welding.  Ho  cracks  were  detected  in  the  root  weld,  however,  as  revealed 
by  subsequent  radiographic  inspection. 

A review  of  available  information  on  the  susceptibility  to  cracking  of  T1-6A1-4V 
welds  Indicated  that  cracking  did  not  occur  under  any  of  the  restraint  conditions  util- 
ized in  previous  or  current  studies,  and  that  isolated  occurrences  of  cracks  were 
associated  with  severe  contaminating  conditions  either  on  welding  or  subsequent 
testing.  These  findings  were  verified  by  the  results  of  the  present  studies.  Transverse 
cracks  were  detected  only  on  surfaces  of  GTA  welds  produced  under  Intentionally  con- 
taminating conditions. 
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10.  Bursts 


Bursts  have  been  occasionally  detected  at  the  terminals  of  EB  welds  produced 
without  the  use  of  end  tabs.  Attempts  to  produce  bursts  In  experimental  configura- 
tions In  the  past  resulted  in  inconsistent  results.  Although  a burst  could  be  occa- 
sionally produced  by  experimental  techniques,  attempts  to  reproduce  a burst  forma- 
tion by  Identical  parameters  were  only  partially  successful.  Methods  evaluated  In 
the  course  of  Initial  burst  generation  studies  involved  variation  of  such  parameters 
as  weld  blank  geometry,  weld  speed,  heat  Input,  repeated  passes,  staggered  locking, 
copper  chills  and  insert  molding* 

Configuration  1 (Figure  43)  was  utilized  for  Welds  4EB-BX-1U  through  -4U. 

Ibis  geometric  design  introduced  abrupt  changes  in  the  electron-beam/base  metal 
interface  and  allowed  intermittent  entries  and  exits  of  die  beam  during  the  opera- 
tion. All  welding  was  performed  in  a continuous  unidirectional  mode.  Initial  welds 
and  reweld  cycles  performed  on  this  configuration  (varying  weld  speed  and  heat  input) 
were  unsuccessful.  Metallographlc  examinations  performed  on  segments  of  each 
weld  between  reweld  operations  verified  the  lack  of  burst  defects,  confirming  the 
radiographic  examination  results. 

Configuration  2 (Figure  44)  was  utilized  for  Welds  4EB-BX-1V  through  -4V» 
This  geometric  design  introduced  similar  abrupt  changes  in  the  electron-beam/base 
metal  interface  as  did  Configuration  1.  The  45 -degree  angle  of  departure  of  the  cut- 
out away  from  the  weld  line  was  not  as  abrupt  as  on  Configuration  1.  All  welding  was 
performed  in  a continuous,  unidirectional,  single-pass  mode.  Initial  welds  and  re- 
weld cycles  performed  on  this  configuration  (varying  weld  speed  and  heat  input)  were 
all  unsuccessful.  Metallographlc  examination  performed  on  segments  of  each  weld 
between  reweld  operations  verified  the  lack  of  burst  defects,  confirming  the  radio- 
graphic  examination  results. 

Configuration  3 (Figure  45)  represented  a modification  of  Configuration  1,  The 
number  of  90-degree  cutouts  was  reduced  tn  order  to  increase  the  amount  of  restraint 
exerted  on  the  weld  bead*  The  weld  direction  was  changed  to  allow  welding  from  the 
center  hole  outward  using  a single-pass  mods.  Welds  4EB-BX-5  U,  -6U  and  -7U  were 
welded  using  this  configuration.  Rewelding  was  not  performed  on  this 
Radiographic  examination  of  these  welds  failed  to  indicate  bt pcttfe, 

Configurations  4 and  5 are  shown  in  Figure  46.  to  Configuration  4,  tbs  cutout 
was  teft  open  and  the  halves  were  Joined  by  two  EB  passes,  the  first  pass  was  a 
partial  penetration  pas*  and  the  second  was  a toll-penetration  past*  Copper  bars 
wore  placed  alongside  die  weld  to  accelerate  solidification.  These  parameters  were 
utilized  in  fabrication  of  Weld  4EB-BX-B  y. 

Configuration  5 incorporated  a fitted  plug  of  identical  thickness  material  inside 
the  cutout  opening.  Weld  4EB2-BX-9U  was  fabricated  by  the  operational  sequence 
used  for  Weld  4EB-BX-B  v.  Radiographic  examination  of  both  welds  Indicated  that  no 
bursts  w ere  generated* 

Configuration  6 constated  of  a straight  butt  Joint  produced  by  a toll-length,  par- 
tial-penetration (0. 050-inch  deep)  locking  past  (weld  4EB2-BX-I0)  or  a toll-length, 
deeper  penetration  (0. 100-inch  deep)  locking  pass  (Weld  4EB2-BX-13)  followed  by  a 
stogie,  toll-penetration  past  In  the  eaine  direction.  Copper  bars  were  used  to  accel- 
erate weld  chilling  and  weld  restraint  formation.  Radiographic  examination  of  these 
welds  indicated  that  no  bursts  were  formed. 
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Configuration  7 consisted  of  a straight  butt  joint  produced  by  intermittent 
looking  passes:  0*  060-inch-deep  pass  for  Weld  4EB-2-3X-11  and  0. 250-inch-drop 
pass  for  Weld  4EB-2-BX-14.  These  locking  passes  were  followed  by  a single,  full- 
penetration  pass  in  the  same  direction.  Copper  chill  bars  were  utilized  to  acceler- 
ate weld  ohiiling  and  weld  restraint  formation.  Radiographic  examination  of  both 
weldments  indicated  no  bursts. 


Configuration  8t  represented  by  Weld  4EB-BX-12,  was  produced  by  joining 
halves  of  the  weld  blank  using  a single,  full-penetration  EBW  pass.  Two  3/8-ineh- 
diameter  by  1 /2-inch-high  TI-6A1-4V  plugs  were  placed  on  the  face  of  the  weld  In 
such  a way  that  the  centerline  of  the  round  plug  was  perpendicular  to  file  longitudinal 
axis  of  the  weldment.  The  assembly  was  rewelded  using  the  second,  full-penetra- 
tion pass.  The  objective  of  this  approach  was  to  introduce  variations  in  file  cooling 
rate  along  the  length  of  the  weld.  The  plugs  were  then  cut  off  and  a cosmetic  pass 
was  applied  to  the  face  of  the  weldment.  A radiographic  examination  of  the  weld  did 
not,  however,  indicate  formation  jf  bursts. 


Configuration  9,  represented  by  Weld  4EB2-BX-15,  utilised  foe  existing  4EB2- 
BX-13  plate  assembly.  Two  3/8-inoh-diametar,  through-holes  were  drilled  into  the 
weld  four  inches  apart  perpendicularly  to  the  loogitudlatl  axis  of  the  weld.  Two  3/8- 
inoh-dismeter  T1-6A1-4V  plugs  (one  3/4  Inch  long  and  the  other  7/8  inch  long)  were 
inserted  and  positioned  flush  with  the  upper  surface.  A single,  full-length,  full- 
penetration  pass  was  made  along  fits  existing  weld  and  through  the  centers  of  inserts* 
Radiographic  examination  of  this  plate  indicated  that  no  bursts  were  generated* 

Configuration  10  (Figure  47),  repreiented  by  Weld  4EB2-BX-16,  was  a com- 
bination of  all  previous  design  ooncepts.  It  contained  offset  cutouts  with  metal  plugs 
welded  In  place  simulating  Mart/stop  nin-off  tabs.  The  fill-in  plugs  were  3/4-lneh- 
wide,  1-1/6- Inch-long  and  were  equal  in  thickness  to  the  metal  piste.  On  the  underside 
of  the  plate,  several  1/2-lttoh-equare  TI-8AI-4V  ban  were  located  so  that  the  lon- 
gitudinal axis  of  the  weld  was  psrpsndicular  to  fits  longitudinal  axis  of  the  square  bars. 
These  bars,  located  in  five  places,  simulated  the  effect  of  tee  electron-beam  enter- 
ing and  exiting  a perpendicular  segment  of  base  metal,  instantaneously  increasing  or 
decreasing  tee  effective  thickness  of  the  weld.  Welding  was  accomplished  In  a single- 
pass  operation.  Radiographic  examination  of  this  plot  indicated  that  no  borate  were 
generated. 


At  the  conclusion  of  the  Phase  I efforts,  only  three  hurst  defects  could  be  pro- 
duced (two  in  0. 280-Inch  PAW  weldments  end  one  in  0. 090-inch  EB  weldments).  The 
bursts  occurred  in  specimens  not  specifically  designed  to  facilitate  buret  formation. 
Their  location,  however,  urns  simitar  to  that  encountered  In  production  welding.  The 
buret  defects  could  not  be  reproduced  utilising  Identical  conf  tguraUous  and  param- 
eters. 


Upon  conclusion  of  the  tnifiel  studies,  findings  of  an  independent  investigation 
(Ref*  1)  became  available  which  Indicated  that  the  formation  of  burst  defects  in  EB 
weldments  may  bs  related  to  a change  in  tbe  configuration  of  the  molten  puddle 
accompanying  tb*  transition  from  a partial  to  full  EB  penetration.  It  was  postulated 
that  burets  could  be  formed  on  noo -uniform  eolidificstton  of  the  molten  metal  in  the 
viet&Uy  of  a free  interface  upon  rapid  cooling  following  extinction  of  the  beam*  Fig- 
ure 48  Illustrate*  fids  hypothesis. 


Dimensional  characteristics  of  an  experimental  weld  blank  designed  to  test  the 
validity  of  thte  lyrpothsate  sue  shown  to  Figure  49.  In  these  blanks,  changes  in  the 
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Figure  43.  OveraW  View  of  Configuration  1 UtiU/ed 
for  Bunt  Defect  Generation  I0.7X  MAG). 
Arrow  ladiesta*  Wold  Direction. 


Figure  44.  Overall  View  of  Configuration  2 Utilized 
for  Bunt  Defect  Generation.  Arrow  IndF 
cetesWeld  Direction  (0.?X  MAG). 


KUO  OPTIONAL 


Teg  3uHocc  Sbowiut  'ferae  ti  gurM  io  ftace  e,  tofleM  3e^fow  ttravNAg  ftmuMt  of  K*ioefc  Dm 

(Mora  WeM  Feuetratirai  TteeugA  Cm) 

From 47.  tt*M4£*2-tX-1» 


33 


i 


puddle  configurations  were  to  be  obtained  by  varying  the  thickness  of  the  blank  seg- 
ments. Conditions  of  rapid  cooling  were  simulated  by  inserting  round  slide-fitting 
plugs  into  openings  of  the  weld-blank-assembly  as  shown  in  Figure  SO,  It  was  pos- 
tulated that  as  the  beam  entered  the  plug,  the  expansion  of  the  plug  would  bring  it 
into  intimate  contact  with  the  surrounding  (and  much  cooler)  mass  of  metal  and 
thus  simulate  the  conditions  existing  at  the  extinction  of  the  beam  in  normal  welding 
practices.  The  EB  welding  pass  was  designed  to  completely  penetrate  thinner  seg- 
ments and  to  obtain  50  percent  penetration  in  full-thickness  sections  containing  plugs. 
Figure  50  shows  the  welding  assembly  and  locations  of  bursts  which  were  success- 
fully generated  in  five  out  of  seven  Inserts  in  l-l/2-inch-thick  plates.  Radiographic 
indications  of  generated  bursts  are  shown  in  Figure  51. 

11.  Flawless  Welds 


Several  fatigue  test  specimens  were  machined  from  radiographically  flawless 
EB  welded  0.090  and  0.25-inch-thick  blanks,  GTA-welded  0. 090-inch-thick,  and  PA 
welded  0.25-inch-thick  blanks.  Welding  of  all  blanks  was  performed  using  conven- 
tional parameters  designed  for  production  welding.  The  machined  specimens  were 
stress  relieved  and  tested  in  tension-tension  (R=0. 1)  fatigue  to  failure  at  100  ksi 
(maximum)  stress  level.  The  endurance  values  obtained  were  in  the  50,000  to 
65, 000-cycle  range  and  thus  were  comparable  to  the  corresponding  values  of  the 
base  metal. 
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SECTION  IV 


FATIGUE  ENDURANCE  OF  GTA  WELDMENTS 


A.  INTRODUCTION 

This  section  presents  data  on  fatigue  endurance  of  flawless  and  (intentionally) 
defective  GTA  weldments.  The  data  are  presented  in  the  following  sequence: 


• General  fabrication  procedure 

• Flawless  welds 

• Porous  welds 

• Reinforced  welds 

• Minor  underfills 

• Minor  undercuts 

B.  GENERAL  FABRICATION  PROCEDURE 


• Tungsten  inclusions 

• Mismatch 

• Inadequate  shielding 

• Transverse  cracks 

• GTA-repaired  EB  welds 

• Summary 


Experimental  GTA  weldments  were  manufactured  using  a Sciaky  Welder,  HW27 
Linde  torch  equipped  with  a No.  12  (3/4-inch  ID)  Lava  cup  and  3/32-inch  thoriated 
tungsten  electrode.  The  faying  surfaces  of  the  weld  blanks  were  machined  to  provide  a 
60-degree  internal  angle  and  0.060  to  0.065-inch  lands. 

C.  FLAWLESS  GTA  WELDMENTS 

1.  0. 080-inch  Thick  Welds 

a.  Fabrication  of  Experimental  Welds 

Radiographically  flawless,  0, 080-inch-thick  welds  were  produced  on  one  pass 
at  10  volts,  180-190  amperes,  and  a travel  speed  of  14  inches  per  minute.  Ti-6A1-4V 
filler  wire  was  utilized  at  a feed  rate  of  35  inches  per  minute.  Argon  was  used  for 
torch  and  trail  shielding,  and  back-up  applications  at  flow  rates  of  60,  60  and  5 cubic 
feet  per  hour,  respectively.  No  radiographic  indications  were  detected  in  contoured 
welds  and  after  machining  the  welds  flush  with  the  surface. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  values  obtained  are  presented  In  Figure  52,  All  experi- 
mental points  were  within  the  upper  portion  of  the  = 1 to  K*  = 2 range.  The  speci- 
mens tested  at  20  cpm  failed  In  the  base  metal  away  from  the  weld  (Specimen  No's 
9-1,  9-2  and  9-3).  All  specimens  tested  at  1800  cpm  failed  in  the  weld.  The  subse- 
quent fraotographie  evaluation  revealed  failure  initiation  at  the  surface  of  the  test 
speoimens  (Figure  53).  No  porosity  was  detected  on  any  of  the  fracture  surfaces. 

Data  on  fatigue  endurance  values  and  fractographic  findings  for  individual  specimens 
are  listed  in  Appendix  B,  Table  B-l. 
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Figure  52.  Fatigue  Endurance  of  Flawless  0.080-Inch-Thick  GTA-Welded  Specimens 


Figure  53.  Typical  Surface  Failure  Initiation  Site  in  Flaw- 
less 0.080-Inch-Thick  GTA  Weldment 
(20  X MAG) 
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2.  0.25-Inch-Thlck  Welds 


a.  Fabrication  of  Experimental  Welds 

Radiographically  flawless  0. 25-inch-thick  GTA  welds  were  produced  in  two 
passes.  Voltage  and  arc  current  settings  were  13  and  14  volts,  and  275  and  250 
amperes  for  the  first  and  second  passes,  respectively.  The  carriage  travel  speed 
was  kept  constant  in  the  range  of  7. 0 to  8. 5 inches  per  minute;  the  wire  feed  was  60 
inches  per  minute  in  both  passes.  Helium  was  used  for  torch  and  trailing  shielding 
and  back-up  applications  at  flow  rates  of  60,  60  and  10  cubic  feet  per  hour,  respec- 
tively. No  radiographic  indications  were  detected  in  any  of  the  welds  after  final 
machining. 

b.  Evaluation  of  Fatigue  Endurance 

Experimental  fatigue  endurance  data  are  plotted  in  Figure  54.  AU  data  points 
were  located  in  the  upper  portion  of  the  - 1 to  Kj.  = 2 range,  except  .for  specimens 
7-3  and  8-4  in  which  the  failure  Initiation  was  associated  with  isolated  0.004-inch 
pores,  0.080  and  0.10  inch  from  the  surface,  respectively.  No  porosity  was  detected 
at  other  fracture  surfaces.  In  six  specimens,  the  failure  initiated  in  the  base  metal 
away  from  the  weld.  In  the  remaining  four  specimens,  failure  initiated  at  either  the 
face  or  root  surfaces  of  the  weldments.  Data  on  fatigue  endur  ce  and  fractographic 
findings  are  listed  in  Appendix  B,  Table  B-2. 


D.  POROUS  GTA  WELDS 
1.  . 080-INCH  THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

The  parameters  utilized  in  fabricating  of  0. 080-inch-thick  porous  welds 
were  identical  to  those  utilized  in  production  of  radiographically  flawless  GTA  welds 
except  that  the  machined  and  cleaned  blanks  were  exposed  for  two  to  three  weeks  to 
a shop  environment  and  faying  surfaces  were  intentionally  contaminated  to  simulate 
handling  without  protective  equipment.  Several  porosity  containing  specimens  were 
also  obtained  from  blanks  intended  for  production  of  radiographically  flawless  speci- 
mens. The  prefix  "F"  is  used  to  Identify  these  specimens. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  data  on  experimental  welds  are  plotted  in  Figure  55.  It  is  evident 
that  data  points  are  widely  scattered  in  the  = 1 to  Kt  = 3 range  except  for  Specimen 
9-4  whose  endurance  fell  below  the  Kj  = 3 curve.  The  exceptionally  low  endurance 
value  obtained  for  this  specimen  was  caused  by  a cluster  of  pores,  0.015  to  0.020- 
inch  in  diameter.  Many  data  points  in  the  middle  and  upper  portions  of  the  Kj  = 1 to 
Kt  **  2 range  were  associated  with  failure  initiations  at  Isolated  porosity  in  the  range 
of  0. 005  to  0. 010  inch  located  0. 020  to  0. 030  inch  from  the  surface  (Specimen  4-3, 
F8-4,  F7-4,  F8-1,  9-4).  Figure  56  chows  a failure  initiation  associated  with  a 
0. 007 -inch  internal  pore  in  Specimen  F7-4. 
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Figurt  54.  Fatigue  Endurance  of  Flaw  last  0.26-1  nch-Thkk  GTA  WaWt 


Attempts  to  correlate  fractographlc  findings  with  fatigue  endurance  data  con- 
tained in  the  = 2 to  Kfc  = 3 range,  and  the  lower  portion  of  Kj  = 1 to  K*  = 2 range 
were  only  partially  successful#  Most  of  the  test  specimens  with  fatigue  endurance 
values  In  this  range  contained  porosity  in  the  order  of  0.020  to  0.030  Inoh  In  diameter 
(about  one-third  of  the  specimen’s  thickness  rv  T/3).  The  presence  of  coarse  pores 
led  to  frequent  multiple  failure  initiations  and  interaction  of  several  fatigue  zones, 
both  of  which  made  it  difficult  to  correlate  the  data.  Results  of  pre-test  radiography, 
fatigue  endurance  and  fractographlc  findings  are  presented  in  Appendix  B,  Table  B-3. 

2,  0. 25-INCH -THICK-WELDS 


a.  Fabrication  of  Experimental  Welds 

Poroslty-contalnlng  0.25-inch-thlck  GTA  welds  were  produced  by  omitting  the 
conventional  cleaning  cyole  on  blanks  prior  to  welding.  In  addition,  this  group  In- 
cluded several  specimens  which,  although  welded  using  parameters  designed  to  pro- 
duce flawless  welds,  did  contain  porosity  detectable  by  pre-test  radiography.  The 
prefix  ”F"  was  used  to  Identify  these  samples. 

b.  Evaluation  of  Fatigue  Data 

Experimental  fatigue  data  are  plotted  In  Figure  57.  Three  "F”  specimens  had 
fatigue  endurance  In  the  range  expected  for  flawless  specimens.  Isolated  porosity 
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detected  In  these  specimens  ranged  from  0*005  to  0*020  inch,  and  its  distance  from 
the  surface  was  in  the  range  of  0. 040  to  0. 110  inch  (Specimens  F.l-1,  Fl-4  and  F7-2), 
In  specimen  Fl-3,  which  exhibited  endurance  slightly  below  this  range,  the  failure 
initiated  at  a 0. 004-inch  pore  at  the  subsurface  of  the  specimen.  Of  the  three  other 
specimens  with  endurance  values  between  the  lower  boundary  of  the  flawless  range 
and  the  K*  = 2 curve.  Specimen  1-2  failed  in  tbs  base  metal;  in  Specimen  11-4,  fail- 
ure Initiated  at  an  isolated  0,025-Inch  pore  0. 090  inch  from  the  surface.  Multiple 
failure  initiations  in  Specimen  8-2  were  associated  with  0.010  to  0.020-inch  pores 
dispersed  in  the  interior  of  the  weld. 

Failures  in  specimens  with  fatigue  endurance  values  in  the  Kt  **  2 to  K*  * 3 
range  were  associated  typically  with  0. 010  to  0. 035  inch  porosity  scattered  through- 
out the  thickness  of  the  specimens  which  caused  multiple  failure  initiations  (Figure 
58),  and  isolated  surface  or  subsurface  porosity,  as  shown  in  Figures  59  and  60, 
respectively. 

Failure  Initiation  sites  in  specimens  with  fatigue  endurance  values  below  the 
Kt  = 3 curve  were  associated  with  surface,  subsurface  or  interior  porosity  clusters 
as  shown  In  Figures  61  through  63,  respectively.  Radiographic,  fatigue  en- 
durance, and  fractographlc  data  for  0.25-inch-thick  porous  GTA  welds  are  sum- 
marized in  Appendix  B,  Table  B-4. 

E.  REINFORCED  GTA  WELDS 

1.  0. 080-INCH  THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

Reinforcement  contours  were  obtained  by  increasing  the  feed  rate  of  the  filler 
wire  from  38  to  42  inches  per  minute.  The  remaining  parameters  were  identical  to 
those  utilized  in  conventional  welding.  Contours  of  weldments  were  recorded  by 
tracing  images  projected  on  the  screen  of  an  optical  comparator  at  10X  magnification. 
A typical  weld  contour  recorded  by  this  technique  is  shown  in  Figure  65.  The  height 
and  width  of  the  face  and  root  reinforcements  were  0.015/0.30  and  0,015/0.20  Inch, 
respectively.  Pre-teat  radiography  showed  that  the  welds  were  free  of  internal  de- 
fects* 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  values  for  the  experimental  welds  are  plotted  in  Figure  64. 
AH  points  were  located  between  the  lower  boundary  of  the  band  expected  for  flawless 
machined  specimens  (dotted  curve)  and  the  K*  * 2 cum.  The  failure  initiated  In  all 
specimens  at  the  root  of  the  weld  as  shown  in  Figure  65,  except  for  Specimen  1-2, 
in  which  the  failure  initiated  at  a 0.002- inch  pore  at  foe  mid-section  of  the  test  speci- 
men. 

3.  bVgS-INCB -THICK  WELDS 
a.  Fabrication  of  Experimental  Welds 

Reinforcement  contours  were  obtained  by  increasing  the  feed  rate  of  the  fitter 
wire  on  the  second  pass  from  60  to  70  inches  per  minute.  The  remaining  parameters 
were  identical  to  those  utilized  in  conventional  welding.  Contours  of  weldments  were 
recorded  by  tracing  images  projected  onto  the  screen  of  an  optical  comparator  at  10X 
magnification.  A typical  weld  contour  recorded  fay  this  technique  is  shown  in 
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Figure  66,  Contour  of  a Typical  Reinforced  0.080*1  nch-T  hick  GTA  Weldment 


Flawr*  M.  typical  Contour  of  Raintorcad  0.2$*4ndv?fck)(  OTA  Weidl 


Figure  66.  The  height  and  width  of  the  face  and  root  reinforcements  were  0.055/ 

0.75  and  0.050/0.25  inch,  respectively.  Pre-test  radiography  had  shown  that  the 
welds  were  free  of  internal  defects. 

b.  Evaluation  of  Fatigue  Data 


Fatigue  endurance  values  for  experimental  welds  are  plotted  in  Figure  67 
Although  the  data  are  limited,  it  is  evident  that  fatigue  endurance  of  these  welds  is 
comparable  to  that  of  the  base  metal  at  the  Kj  = 3 level.  Failure  initiated  in  all 
specimens  at  the  root  of  the  weld  in  locations  designated  in  Figure  66 

F.  MINOR  UNDERFILLS 

1.  . 080-INCH-THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

Minor  underfills  were  obtained  in  0. 080-inch-thick  GTA  weldments  by  lowering 
the  current  from  205  to  170  amperes  and  decreasing  the  filler  wire  feed  rate  on  the 
second  pass  from  35  to  10  inches  per  minute  for  Blanks  2 and  3 and  to  5 inches  prr 
minute  for  Blanks  5 and  6.  Typical  contours  of  minor  underfills  obtained  by  these 
techniques  are  shown  in  Figures  68  and  69.  These  contours  were  documented 
by  tracing  the  Images  on  the  viewing  screen  at  10X  magnification.  The  depth  and 
width  of  underfill  for  both  types  of  welds  were  0.010/0.35  and  0.015/0.35  inch, 
respectively.  Pretest  radiography  detected  underfills  in  all  specimens.  All  welds 
were  free  of  internal  defects. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  70, 
Although  two  of  the  specimens  with  0.010  inch  underfill  exceeded  the  5 x 102 * * * 6~cycle 
endurance  limit  in  the  stress  range  expected  for  flawless  machined  specimens,  the 
majority  of  the  remaining  data  points  were  in  the  region  between  the  flawless  range 
and  the  = 2 curve.  The  scatter  of  experimental  data  and  the  limited  number  of 
data  points  in  the  high-cycle  region  of  the  plot  did  not  permit  drawing  of  definite  con- 
clusions as  to  the  effects  of  0. 005-inch  depth  variation  in  shallow  underfills  on  fatigue 
characteristics.  Failure  initiated  in  all  specimens  at  radii  of  underfills,  except 
for  Specimen  3-2  in  which  a secondary  failure  initiation  was  detected  at  a 0. 004-inch- 
diameter  pore  in  the  interior  of  the  specimen. 

2.  0.25-INCH-THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

Minor  underfills  were  produced  in  0.25-inch-thick  GTA  welds  by  decreasing 
the  filler  wire  feed  rate  on  the  second  pass  from  60  to  10  inches  per  minute.  A 
typical  contour  of  welds  produced  by  these  techniques  is  shown  in  Figure  71.  The 
width  of  this  underfill  was  0.8  inch  and  its  depth  varied  from  0.005  to  0.015  inch. 

The  width  of  the  root  reinforcement  was  in  the  0.25  to  0.30-inch  range  and  its  height 
was  0.050  inch.  Pre-test  radiography  identified  underfills  In  all  specimens.  There 
were  no  Indications  of  internal  defects. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  72.  It 
is  evident  that  all  data  points  were  located  in  the  lower  portion  of  the  « 1 to  Kt  - 2 
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Figure  68.  Typical  Configuration  of  O.OSO-incfv  Thick  GTA  Welds  with  0.010-Inch  Underfills 


Figure  69.  Typical  Configuration  of  0.080-Inch-Thick  GTA  Welds  with  0.015-Inch  Underfill 
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range,  except  for  Specimen  2-1.  In  all  weldments,  the  failures  initiated  at  the  root 
of  the  weld  as  shown  in  Figure  71.  A typical  linear  failure  initiation  along 
radii  of  the  root  reinforcement  is  shown  in  Figure  73. 

G.  MINOR  UNDERCUT,  0.  080-INCH-THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 


Very  shallow  (about  0. 005  inch  deep)  undercuts  could  be  produced  by  lowering 
the  wire  feed  rate  from  35  to  20  inches  per  minute.  The  contour  of  a typical  weld 
produced  by  this  technique  is  shown  in  Figure  74.  It  is  evident  that  in  addition  to 
producing  shallow  face  undercuts,  a 0.015-inch-high  and  approximately  0.25-inch- 
wide  reinforcement  was  produced  at  the  root  side  of  the  weld.  Pre-test  radi- 
ography failed  to  reveal  Indications  of  external  or  internal  defects. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  75.  All 
points  fell  within  the  = 1 to  = 2 range  for  the  base  material,  and  most  of  them 
were  in  close  proximity  to  the  lower  boundary  for  machined  flawless  specimens. 
Fractography  failed  to  indicate  the  reason  for  the  somewhat  lower  fatigue  endurance 
exhibited  by  Specimen  11-1.  The  failure  initiated  at  either  face  undercuts  or  root 
reinforcement  radii.  There  was  no  apparent  correlation  between  the  location  of 
failure  initiation  sites  and  fatigue  characteristics. 

1*  0.25-INCH- THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 


Undercuts  were  produced  in  0.25-inch-thick  GTA  welds  by  Increasing  the  torch 
travel  speed  on  the  second  pass  from  8 to  14  inches  per  minute  and  simultaneously 
increasing  the  arc  current  from  250  to  300  amperes.  Figure  76  shows  a typical 
weld  contour  obtained  by  these  techniques.  The  only  exception  was  Specimen  4-1 
whose  contour  is  shown  in  Figure  77.  The  presence  of  undercuts  was  verified  by 
pre-test  radiography;  no  internal  defects  were  indicated.  The  depth  of  a typical 
undercut  shown  in  Figure  76  was  0.010  inch  and  its  width  was  0.125  inch.  Corres- 
ponding values  for  Specimen  4-1  were  0, 020  and  0. 125  inch.  The  height  of  a typical 
root  crown  wes  0.050  inch  and  its  width  0.25  inch.  Corresponding  values  for  Speci- 
men 4-1  were  0. 090  inch  and  0,40  inch. 

2.  Evaluation  of  Fatigue  Data 


Fatigue  endurance  values  for  experimental  welds  are  plotted  in  Figure  78. 

All  data  points  were  in  close  proximity  to  the  Kt  = 3 curve.  Deviation  of  the  weld 
contour  in  Specimen  4-1  from  that  of  a typical  weld  did  not  result  In  a significant 
decrease  In  its  fatigue  endurance.  Failure  initiated  in  all  specimens  at  the  root  of 
the  weld  in  locations  indicated  in  Figure  76.  In  Specimen  4-1,  a secondary  initi- 
ation site  was  also  dotected  at  one  of  the  face  undercuts. 
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Figure  73.  Typical  Linear  (Root)  Initiation  Site  in 

0.25-Inch-Thick  GTA  Specimen  with  Minor 
Underfills  (20X  MAG) 
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iFipirt  74.  Typical  Contour  of  0.080-Inch-Thick  GTA  Welds  with  Very  Minor  Undercuts 
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H.  TUNGSTEN  INCLUSIONS  IN  GTA  WELDS 

I.  Fabrication  of  Experimental  Welde 

Welds  containing  tungsten  inclusions  were  prepared  in  three  passes.  The  first 
was  a mechanized,  shallow  root  pass  without  the  use  of  filler  wire.  The  second  was 
a manual  pass  in  the  course  of  which  tungsten  inclusions  were  melted  in.  The  third 
was  a final,  mechanized  pass  utilizing  filler  wire.  Contours  of  0. 080-inch-thick 
welds  were  machined  flush  with  the  base  metal  and  the  presence  of  tungsten  was  con- 
firmed in  all  welds  by  pre-test  radiography.  Data  on  radiographic  findings  are  Included 
in  Appendix  B,  Table  B-5. 

2.  Evaluation  of  Fatigue  Data 

a.  0. 080-Inch- Thiok  Welds 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  79. 

Also  shown  are  K$  ■ 1,  2,  and  3 curves  for  the  base  metal.  It  is  evident  that  the 
data  fall  into  two  distinct  groups:  (1)  Specimens  6-1,  -2  and  -3  with  fatigue  endur- 
ance values  slightly  below  the  lower  boundary  of  the  data  band  for  machined  flawless 
specimens,  and  (2)  Specimens  4-1,  -2  and  -3  and  5-1  and  -2  in  the  proximity  of  the 
K{  - 3 curve.  Fractographic  evaluation  of  failed  surfaces  in  the  first  group  of  spec- 
imens established  the  presence  of  internal  inclusions  as  shown  in  Figure  80.  In 
specimens  with  fatigue  endurance  in  the  proximity  of  the  K*  = 3 curve,  tungsten  in- 
clusions were  exposed  to  the  surface  as  shown  in  Figures  81  and  82*  Approximate 
dimensions  of  Inclusions,  as  determined  by  measurements  or  radiographic  films, 
varied  from  0. 100  x 0.050  inch  to  0.025  x 0.015  inoh  in  the  first  group  and  from 

0.  150  x 0. 100  inch  to  0.050  x 0.055  inch  for  the  second  group  of  specimens.  No 
correlations  between  inclusion  size  variation  and  fatigue  endurance  were  readily 
detectable.  Data  on  pre-test  radiographic  evaluations,  fatigue  endurance  and  fracto- 
graphic studies  are  included  in  Appendix  B,  Table  B-5. 

b.  ,.Q,  35^oh-ThLgk-GIA-\Ksldfl 

A typical  contour  of  0.25-lnch-thick  GTA  welds  prepared  in  the  course  of  this 
study  is  shown  in  Figure  83.  Fatigue  endurance  values  of  these  specimens  are 
plotted  in  Figure  84.  The  data  points  fell  in  close  promimity  to  the  K.  =3  curve 
and  were  thus  comparable  to  those  of  the  0.25-inch-thiek  GTA  welds  with  minor  re- 
inforcements as  shown  In  Figure  67.  In  all  welds,  the  failure  initiated  at  the  root 
in  locations  designated  in  Figure  83.  Examination  of  fractured  surfaces  failed  to 
detect  the  presence  of  inclusions.  Accordingly,  it  appears  that  the  weld  contour  was 
the  limiting  factor  as  far  aa  fatigue  endurance  is  concerned.  Figure  85  shows  a 
typical  linear  failure  initiation  which  occurred  at  the  root  of  the  weld. 

L MISMATCH 

1.  Fabrication  of  Experimental  Welds 

Welds  with  intentionally  mismatched  faying  surfaces,  were  produced  by  inserting 
0.015  or  0.025- inch-thick  shims  under  one  of  toe  welding  blank  halves  to  be  )olned. 
Representative  profiles  of  welds  obtained  by  these  techniques  were  documented  using 
images  on  optical  comparators  at  10X  magnification  (see  Figures  86  and  87). 
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Fiflwi*  85.  Unaar  Failure  Initiation  at  tha  Root  ot  a 0.25-liwh- 
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Figure  17.  Typical  Contour  of  OGKMnch  Thkk  GTA  Wakb  With  0JM5-facb  lianandt 
of  Faying  SoHaca 
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Pre-test  radiography  showed  that  the  reduced  sections  of  test  specimens  were  free 
of  internal  defects. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  results  for  experi mortal  welds  are  plotted  in  Figure  88. 

No  significant  variations  were  apparent  in  the  fatigue  endurance  of  specimens  with 
0.015-inch  mismatch  (Specimen  1-1,  -2  and  -3)  and  0.025-inch  mismatch  (Specimen 
4-1,  5-1,  -2,  -3,  and  -4).  All  data  points  fell  in  the  = 2 to  = 3 range.  Failures 
initiated  in  all  specimens  at  the  root  of  the  weld  in  locations  indicated  in  Figures 
85  and  86.  Figure  89  illustrates  a typical  failure  initiation  site  at  the  root  of 
the  weld. 

2.  MISMATCHED  - 0. 25TNCH-THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

Welds  with  intentionally  mismatched  faying  surfaces  were  produced  by  inserting 

0. 010  and  0.036-inch-thick  shims  under  one  of  the  halves  of  the  welding  blank  to  be 
joined.  Typical  profiles  of  welds  produced  by  these  techniques  were  recorded  by 
tracing  their  images  on  an  optical  comparator  at  10X  magnification  (see  Figures  90 
and  91. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  92.  A 
significant  difference  could  be  detected  in  the  fatigue  characteristics  of  specimens 
with  0.010-inch  mismatch  which  were  located  above  the  = 3 curve  and  of  specimens 
with  0. 036-inch  mismatch  for  which  data  points  fell  below  the  Kj  = 3 curve.  Failure 
initiated  in  all  specimens  at  the  root  of  the  weld  in  locations  indicated  in  Figures 
90  and  91.  Figure  93  illustrates  a typical  linear  failure  initiation  detected  in 
mismatch-type  welds.  No  porosity  was  detected  in  any  of  the  failure  surfaces  ex- 
cept in  Specimen  3-1  in  which  an  isolated  0,003-inch  pore  was  detected  in  the  interior. 
The  failure  initiation  was  not  related  to  this  pore. 

J.  GTA  WELDS  PRODUCED  UNDER  INTENTIONALLY  INADEQUATE  SHIELDING 
CONDITIONS 

1.  . 080-INCH-THICK  WELDS 

a.  Fabrication  of  Experimental  Welds 

Three  experimental  welds  were  produced  utilizing  the  following  deviations 
from  conventional  shielding  parameters:  Weld  No.  1.  The  flow  of  torch  shielding 
gas  (argon)  was  reduced  from  60  to  30  cubic  feet  per  hour  and  the  trailing  shield 
was  completely  eliminated;  Weld  No.  2.  This  weld  was  produced  in  two  passes; 
in  the  first  pass,  the  flow  of  torch  shielding  gas  was  reduced  from  60  to  30  cubic 
feet  per  hour  and  the  trailing  shield  was  completely  eliminated;  and  Weld  No.  3. 

This  v'eld  was  produced  in  three  passes;  the  flow  of  trailing  shield  gas  (argon)  varied 
from  20  cubic  feet  per  hour  to  none  to  60  cubic  feet  per  hour  in  the  first,  second 
and  third  passes,  respectively.  Typical  contours  of  specimens  machined  from  these 
welds  are  shown  in  Figures  94,  95  and  06.  These  contours  were  recorded 
utilizing  optical  comparator  images  at  10X  magnification.  Pre-test  radiography 
indicated  no  internal  defects  in  any  of  the  specimens.  The  color  of  the  weld  beads 
produced  under  inadquate  shading  condition  varied  from  light  or  medium  blue  to 
gray. 
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Figure  89.  Typical  Failure  Initiation  Site  at  the  Root  of  a 0.080- 
lnch-Thick  GTA-Welded  Specimen  With  Mismatched 
Faying  Surfaces  (20 X MAG) 
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b.  Evaluation  of  Fatigue  Data 


Fatigue  endurance  data  for  specimens  machined  from  experimental  welds  are 
plotted  in  Figure  97.  All  data  points  fell  either  at  the  lower  boundary  of  the  data 
band  for  machined  flawless  weldments  or  were  located  between  this  boundary  and 
the  Kt  = 2 curve.  The  values  obtained  were  very  close  to  those  obtained  for  speci- 
mens welded  by  conventional  processes  (see  Figure  64).  Since  microhardness 
surveys  indicated  no  significant  hardness  deviations  within  the  weld,  it  appears  that 
variation  of  the  shielding  parameters  did  not  result  in  significant  contamination  of 
the  weldments. 

2.  0. 25-INCH-THICK  WELDS 


a.  Fabrication  of  Experimental  Welds 


The  experimental  welds  were  produced  by  eliminating  (on  the  second  pass)  the 
trailing  shield  (helium)  flow  in  welding  blanks  No.  1,  3 and  4,  and  by  reducing  helium 
flow  from  60  to  5 cubic  feet  per  hour  in  welding  Blank  No.  2.  The  remaining  param- 
eters were  identical  to  those  utilized  in  conventional  welding.  A typical  contour  of 
specimens  produced  by  these  techniques  is  shown  in  Figure  98.  Pre-test  radio- 
graphy indicated  no  defects  in  specimens  machined  from  Blanks  No.  1,  2 and  4. 

Blank  No.  t was  shown  to  have  several  transverse  cracks;  specimens  machined 
from  this  blank  will  be  discussed  in  Paragraph  K.  The  color  of  the  weldments  pro- 
duced without  the  trailing  shield  varied  from  light  and  medium  blue  to  gray.  A re- 
duction of  the  trailing  shield  gas  flow  from  60  to  5 cubic  feet  per  hour  resulted  in 
discoloration  (gray)  of  both  ends  of  the  weldment. 

b.  Evaluation  of  Fatigue  Data 


Fatigue  endurance  data  are  plotted  in  Figure  99.  The  data  points  fell  either 
at  the  K<;  = 3 curve  or  in  the  lower  portion  of  the  Kj  - 2 to  K{  = 3 range  and  were  thus 
comparable  to  the  fatigue  characteristics  of  specimens  with  minor  reinforcements 
produced  by  conventional  welding  techniques,  that  is,  without  intentional  contamina- 
tion (see  Figure  67).  The  failure  initiated  in  all  specimens  at  the  root  in  locations 
indicated  in  Figure  98.  In  Specimen  No.  2-4,  a secondary  failure  initiation  was 
detected  at  a 0.004-inch-diameter  pore  0.025  inch  from  the  surface. 

K.  0.25-INCH- THICK  GTA  WELDS  CONTAINING  TRANSVERSE  CRACKS 

1.  Fabrication  of  Experimental  Welds 

As  described  in  Section  III,  attempts  to  initiate  cracks  by  welding  under  condi- 
tions of  severe  restraints  were  not  successful.  Transverse  cracks  were  detected, 
however,  in  Weld  No.  3 produced  under  intentionally  inadequate  shielding  conditions, 
as  described  in  Paragraph  I.  The  visual  indications  of  these  cracks  are  shown  in 
Figure  100.  The  presence  of  cracks  was  confirmed  by  pre-test  radiography.  Speci- 
mens 1-1  and  1-2  were  machined  from  Weld  No.  3 so  as  to  include  transverse  cracks 
in  the  test  section  of  one  specimen.  Specimen  1-3  was  machined  from  that  portion 
of  the  weld  which  did  not  exhibit  any  visual  or  radiographic  indications.  Contours  of 
the  specimens  were  left  intact  in  the  course  of  machining. 
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The  oxygen  content  of  the  weld  metal  was  found  to  be  2514-ppm  and  1390-ppm 
for  Specimens  1-1  and  1-2,  respectively.  Corresponding  values  for  nitrogen  were  found 
to  be  1731 -ppm  and  114-ppm  for  Specimens  1-1  and  1-2,  respectively.  A micro- 
hardness  survey  conducted  on  the  transverse  section  of  Specimen  1-1  indicated  that 
the  hardness  of  the  metal  deposited  during  the  second  pass  was  in  the  39  to  43. 5 Rc 
range,  that  is,  significantly  higher  man  that  of  the  metal  deposited  on  the  first  pass. 

2.  Evaluation  of  Fatigue  Data 


All  data  points  fell  below  the  = 3 curve.  In  Specimens  1-1  and  1-2,  failure 
initiated  at  the  transverse  cracks  on  the  face  of  the  weld  in  the  locations  shown  in 
Figures  100  and  101. 


L.  GTA-REPAIRED  0.2 5-INCH- THICK  ELECTRON-BEAM  WELDS 
1.  Fabrication  of  Experimental  Welds 


The  face  portions  of  EB  welds  containing  external  imperfections  were  machined 
to  remove  weld  metal  down  to  one  half  of  the  original  weld  thickness  and  rewelded 
by  both  manual  and  mechanized  GTA  techniques  utilizing  four  and  two  passes,  re- 
spectively. Filler  wire  was  utilized  in  bothl.repair  processes.  After  repair  welding, 
both  the  face  and  root  of  the  w„ld  were  machined  flush  with  the  surface.  Radio- 
graphy of  the  repaired  welds  indicated  that  all  welds  were  free  of  Internal  defects. 

2.  Evaluation  of  Fatigue  Data 

Fatigue  data  for  repaired  weldments  are  plotted  in  Figure  102.  There  is  no 
significant  difference  In  fatigue  endurance  of  welds  repaired  by  manual  and  mechanized 
GTA  welding  techniques.  All  data  points  fell  Into  the  lower  portion  of  the  Kt  “ 1 to 
Kt  - 2 range.  Fraciographlc  examination  established  that  in  all  but  one  case  (Speci- 
men 2-3),  failure  Initiated  on  the  root  side  or  EB-welded  surface  of  the  weld,  and  in 
all  cases,  Isolated  pores  in  the  0.001  to  0.002-lnch  range  were  detected  at  the  Initia- 
tion sites.  In  Specimen  2-3,  failure  initiated  at  an  isolated  0.003-lnch  pore  0.020 
Inch  from  the  rootslde  surface.  An  Interesting  observation  was  made  in  the  course  of 
preliminary  studies  designed  to  establish  suitable  repair  parameters:  a porosity-con- 
taining EB  weld  was  machined  to  remove  about  three-fourths  of  the  weld  metal,  re- 
welded using  mechanized  GTA  techniques,  and  tested  at  80  ksl  (maximum)  stress 
level.  The  specimen  failed  at  3, 000  cycles.  Fractographic  examination  of  the  failed 
surfaces  detected  very  fine  (less  than  0.001  inch)  porosity  throughout  the  remaining 
portion  of  the  EB  weld.  A considerable  agglomeration  of  porosity  occurred,  however, 
at  the  EB/GTA  weld  interface  as  shown  in  Figure  103.  This  finding  suggests  that 
caution  should  be  exercised  when  attempting  to  apply  the  GTA  welding  process  to  re- 
pairs of  internal  porosity  in  EB  welds,  since  fine  porosity  which  may  remain  In  the 
weld  and  may  not  bo  detected  on  pre-repair  radiography,  can  agglomerate  at  the 
interface  between  the  original  and  ropair  welds,  and  cause  a significant  decrease  In 
fatigue  endurance. 
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maximum  stress,  ksi 


M.  SUMMARY 


Fatigue  endurance  limits  (106  cycles)  for  transverse  0.080-  and  0.25-inch- 
thick  weldments  were  estimated  to  be  75  ksi  and  62  k3i,  respectively. 

Porous  0. 080-inch-thick  weldments  with  fatigue  endurance  in  Kt=l  to  K i~2 
range  exhibited,  typically,  failure  initiation  at  isolated  pores,  .005  inch  to  .010  inch 
in  diameter  and  0.020  inch  to  0.030  inch  from  the  surface.  Multiple  failure  initiation 
sites  were  frequently  encountered  in  Kt=2  to  K*  =3  range.  Fatigue  endurance  data 
below  the  KtB3  range  were  associated  with  failure  initiations  at  porosity  clusters. 

Porous  0.25- inch- thick  welds  with  isolated  internal  porosity  in  the  range  of 
0. 005  to  0. 020  inch  in  diameter  exhibited  fatigue  endurance  comparable  to  flawless 
specimens.  Some  initiation  sites  in  the  lower  portion  of  the  KtBl  to  Kt02  range 
were  associated  with  fine  subsurfaco  porosity  rather  than  coarser  pores  in  the 
interior.  Frequent  multiple-initiation  sites  were  encountered  in  the  K t -2  to  Kt  “3 
range.  Below  the  Kt-3  range,  the  failure  initiation  sites  were,  typically,  associated 
with  porosity  clusters. 

Fatigue  data  points  for  0, 080-inch-thlck  wolds  with  minor  face-  and  root- 
reinforcements  was  in  the  lower  portion  of  the  K t "1  to  K t “2  range.  0. 25- inch-thick 
weldments  with  minor  face-  and  root- reinforcements  exhibited  fatigue  endurance  in 
the  Ktr;3  range. 

Minor  underfills  in  0. 080-  ami  0. 25-ineh-thiek  weldments  resulted  in  fatigue 
endurance  in  the  range  Iwtween  the  lower  boundary  of  the  flawless  data  barn!  ami 
K graph.  Failure  In  0. 25-inch-thick  specimens  initiated  at  the  root  reinforce- 
ments. 0. 080- inch-thick  weldments  with  minor  undercuts  exhibited  fatigue  endurance 
in  the  proximity  of  the  lower  boundary  for  flawless  specimens,  Data  points  for 
0. 25-lnch-thick  weldments  with  simitar  defects  were  in  a proximity  of  the  Kt  “3 curve, 
and  failures  initiated  at  the  root  reinforcements. 

Fatigue  endurance  of  0. 080- inch- thick  welds  with  internal  tungsten  inclusions 
was  slightly  below  the  data  band  for  flawless  specimens;  Inclusions  exposed  to  tin* 
surface  lowered  fatigue  endurance  to  the  K \ 3 range.  0. 25- inch-thick  welds  with 
internal  inclusions  exhibited  fatigue  endurance  in  the  Kt"3  range;  however,  the 
failure  initiated  in  all  specimens  at  the  contour  of  the  weld. 

Mismatch  of  faying  surfaces  resulted  in  drastic  towering  of  fatigue  endurance 
in  both  0. 080-  and  0. 25-inch-thick  weldments. 

Weldments  produced  under  imvtJeq*.ato  shielding  conditions  exhibited  consider- 
able variations  in  fatigue  endurance  depending  on  the  extent  of  (intentional)  shielding 
deficiencies.  Extensive  deficiencies  resulted  in  a substantial  pickup  of  contaminants 
and  formation  of  cracks. 

Fatigue  endurance  of  EB  welds  repaired  by  OTA  techniques  was  in  the  lower 
portion  of  the  Kt&l  to  K tv2  range. 
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SECTION  V 


FATIGUE  CHARACTERISTICS  OF  ELECTRON  BEAM  (EB)  WELDMENTS 

PHASE  n 


A.  INTRODUCTION 

This  section  presents  data  on  fatigue  endurance  of  flawless  and  (Intentionally) 
defective  FB  weldments.  The  data  are  presented  in  the  following  sequence: 

• Flawless  welds 

• Porous  welds 

• Mismatched  welds 

• Underfills 

• Surface  contamination 

• Lack  of  penetration 

• Bursts 

• Summary 

B.  FLAWLESS  WELDS 

1.  Fabrication  of  Experimental  Weldments  (0.080  and  0.25-fnch-Thiek) 

Flawless  EB  welds  were  produced  to  generate  baseline  data  for  use  In  evaluat- 
ing defective  welds.  The  welds  were  made  In  accordance  with  standard  production 
techniques.  Both  root  and  face  contours  were  machined  Hush  with  the  base  metal. 
Pretest  radiography  revealed  no  internal  defects  in  any  of  the  specimens. 

2.  Fatigue  Endurance  of  0.080-tneh-Thlck  Flawless  Wolds 

Experimental  fatigue  endurance  values  are  plotted  in  Figure  104.  Since  the 
Kt*l  curve  was  constructed  based  on  average  values  obtained  for  the  base  metal, 
the  scatter  of  data  for  flawless  welds  appears  to  be  within  the  range  expected  for 
the  parent  material.  Five  of  the  specimens  (3-2,  3-3,  t-3,  2-2  and  5-2)  failed  in  the 
base  metal.  In  some  of  the  ten  specimens  which  failed  in  the  weld,  fine  (D.OOl  to 
9.002-inch-diameter)  isolated  pores  were  detected  at  the  initiation  sites.  Fatigue 
endurance  and  fraetographlc  data  are  listed  in  Appendix  B Table  B-t».  Figure  105 
shows  a typical  surface  failure  in  it  is  lion  site  encountered  in  flawless  0.080-inch- 
thick  Efl  welded  specimens. 

3.  Fatigue  Endurance  of  0.25 -Inch- Thick  Flawless  Welds 

Data  for  flawleas  0. 23-inch-thick  EB  welded  specimens  are  superimposed  on 
K|  curves  for  the  base  metal  In  Figure  106.  Fatigue  endurance  of  three  of  the  speci- 
mens (2-2,  2-4  and  3-1)  which  failed  in  the  base  metal  was  in  close  proximity  to  the 
Xfl  curve.  In  all  specimens  which  failed  in  the  weld,  fine  (0.001-0.004  inch) 
porosity  was  detected  at  the  initiation  site.  Of  the  five  specimens  containing  internal 
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SECTION  V 


FATIGUE  CHARACTERISTICS  OF  ELECTRON  BEAM  (EB)  WELDMENTS 

PHASE  n 


A . INTRODUCTION 

This  section  presents  data  on  fatigue  endurance  of  flawless  and  (intentionally) 
defective  F3  weldments.  The  data  are  presented  in  the  following  sequence: 

o Flawless  welds 

• Porous  welds 

• Mismatched  welds 

• Underfills 

• Surface  contamination 

• Lack  of  penetration 

• Bursts 

• Summary 

B.  FLAWLESS  WELDS 

1.  Fabrication  of  Experimental  Weldments  (0.080  and  0.25 -Inch-Thick) 

Flawless  EB  welds  were  produced  to  generate  baseline  data  for  use  in  evaluat- 
ing defective  welds.  The  welds  were  made  in  accordance  with  standard  production 
techniques.  Both  root  and  face  contours  were  machined  flush  with  the  base  metal. 
Pretest  radiography  revealed  no  internal  defects  in  any  of  the  specimens. 

2.  Fatigue  Endurance  of  0. 080-Inch-Thick  Flawless  Welds 

Experimental  fatigue  endurance  values  are  plotted  in  Figure  104.  Since  the 
K^=l  curve  was  constructed  based  on  average  values  obtained  for  the  base  metal, 
the  scatter  of  data  for  flawless  welds  appears  to  be  within  the  range  expected  for 
the  parent  material.  Five  of  the  specimens  (3-2,  3-3,  1-3,  2-2  and  5-2)  failed  in  the 
base  metal.  In  some  of  the  ten  specimens  which  failed  in  the  weld,  fine  (0.001  to 
0.002-inch-diameter)  isolated  pores  were  detected  at  the  initiation  sites.  Fatigue 
endurance  and  fractographic  data  are  listed  in  Appendix  B Table  B-6.  Figure  105 
shows  a typical  surface  failure  initiation  site  encountered  in  flawless  0. 080-inch- 
thick  EB  welded  specimens. 

3.  Fatigue  Endurance  of  0.25 -Inch- Thick  Flawless  Welds 

Data  for  flawless  0. 25-inch-thick  EB  welded  specimens  are  superimposed  on 
Kt  curves  for  the  base  metal  in  Figure  106.  Fatigue  endurance  of  three  of  the  speci- 
mens (2-2,  2-4  and  3-1)  which  failed  in  the  base  metal  was  in  close  proximity  to  the 
Kt=l  curve.  In  all  specimens  which  failed  in  the  weld,  fine  (0.001-0.004  inch) 
porosity  was  detected  at  the  initiation  site.  Of  the  five  specimens  containing  internal 
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porosity,  three  specimens  (1-2,  2-1  and  3-2)  were  located  within  the  normal  scatter- 
ing range  from  the  Kt=l  curve.  The  remaining  two  specimens  (2-3  and  3-4) 
exhibited  somewhat  lower  endurance  values,  although  the  size  and  location  of  internal 
porosity  found  in  these  two  specimens  did  not  deviate  appreciably  from  those  found 
in  the  first  three  samples.  Fatigue  endurance  of  specimens  containing  minor  sub- 
surface porosity  (4-1,  3-3  and  4-4)  were  also  somewhat  below  the  expected  scatter 
range  for  base  metal  values.  Fine  (0.001 -inch  diameter)  pores  were  found  throughout 
the  fracture  surface  of  Specimen  4-2. 

Figure  107  shows  an  internal  failure  initiation  site  detected  in  Specimen  2-1. 
Figure  108  illustrates  a subsurface  failure  initiation  found  in  Specimen  4-3.  Data  on 
fatigue  endurance  and  fractographic  evaluations  are  listed  in  Appendix  B Table  B-7. 

4.  Radiographically  and  Ultrasonically  Flawless  1.5 -Inch-Thick  EB  Welds 


a.  Fabrication  of  Experimental  Welds. 

The  blank  assembly  halves  were  joined  by  an  EB  welding  pass  using  a beam 
voltage  of  55  kv,  a beam  current  of  350  miiliamp.  and  a gun  travel  speed  of  40  ipm. 
This  welding  pass  was  preceded  by  a locking  pass  (beam  voltage  - 30  kv,  beam  cur- 
rent - 40  miiliamp.  and  gun  travel  speed  - 40  ipm)  and  followed  by  a cosmetic  pass 
(beam  voltage  - 30  kv,  beam  current  - 100  miiliamp.  and  gun  travel  speed  - 30  ipm). 
Radiographic  examination  of  contoured  welds  and  subsequent  radiographic  and  ultra- 
sonic examinations  of  welds  machined  flush  with  the  base  metal  surfaces  did  not  re- 
veal any  indications  of  defects. 


6-2  5.1  2-2 
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Figure  107.  Failure  Initiation  Site  in  Flawless 
0.25-Inch-Thick  EB  Weld  Specimen 
2-1  (20X  MAG) 


Figure  108.  Failure  Initiation  Site  at  a Linear  Cluster 
of  Fine  Porosity  at  the  Subsurface  of 
Flawless  0.25  Inch-Thick  EB  Weld  4-3 
(20X  MAG) 


b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  flawless  1. 5-inch -thick  EB  welds  are  plotted  in  Figure 
109.  The  Kt  = 1 curve  indicates  the  fatigue  endurance  of  1. 5-inch-thick  unnotched  base- 
metal  specimens.  All  the  experimental  data  points  were  in  close  proximity  to  the  Kt  * 1 
curve.  A few  Isolated  pores  in  the  0.002  to  0.006-inch  range  were  detected  on  fracture 
surfaces.  Failure  initiated  in  Specimen  4-2  at  a 0.006-inch  pore,  0.040-inch  from  the 
surface. 


C.  POROSITY-CONTAINING  WELDS 

Porosity  was  produced  in  electron-beam  weldments  through  intentional  contam- 
ination of  faying  surfaces  by  extensive  exposure  to  the  following! 

• Shop  environment 

• Acid  residues  simulating  inadequate  rinsing  on  pre-weld  cleaning  cycle 

• Oil  films  to  simulate  total  elimination  of  the  pre-weld  cleaning  cycle 

• Other  techniques  designed  to  simulate  deficiencies  in  pro-weld  preparation 
which  could  be  inadvertently  encountered  in  welding  practices. 

Detailed  data  pertaining  to  the  intentional  contamination  techniques  utilized, 
pre-weld  radiographic  and  ultrasonic  findings,  fatigue  tests  and  subsequent  frac- 
tography  of  failed  surface  are  presented  In  Appendix  B Tables  B8  and  B9.  The  com- 
plete reproduction  of  desired  defects  could  not  be  established,  however,  for  a given 
type  of  contamination  technique  or  for  the  entire  length  of  the  weld  produced  by  a 
given  method.  Both  face  and  root  contours  were  machined  flush  with  the  surface  and 
specimens  were  stress  relieved  before  being  subjected  to  tension  - tension  fatigue 
tests. 
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1.  0.080- Inch- Thick  Welds 


Experimental  data  on  the  fatigue  characteristics  of  porosity-containing  welds 
are  superimposed  on  Kt  = 1,  = 2 and  = 3 plots  for  0„  080-inch-thick  base  metal  in 
Figure  110.  Conclusions  based  on  analyses  of  experimental  data  are  as  follows: 

• There  are  no  apparent  deviations  of  data  obtained  in  20-cpm  and  1800-cpm 
tests, 

« Multiple-fracture  initiation  pattern  was  predominant  above  100  ksi  (Line 
A-A  in  Figure  110).  In  this  region,  no  consistent  relationship  was  apparent 
between  the  3ize  and  location  of  the  weld  defects  and  weld  fatigue  endurance0 
A typical  multiple-fracture  initiation  is  shown  in  Figure  111. 

• Line  B-B  of  Figure  110  separates  the  region  containing  experimental  fatigue 
data  on  specimens  for  the  majority  of  which  single  or  double  linear  indi- 
cations were  indicated  by  pre-test  radiography  (RT)„  In  the  case  of  single 
linear  RT  indications,  heavy  concentrations  of  fine  (about  0,001-inch  diam- 
eter) porosity  were  detected  in  the  face-side  portion  of  the  weld  by  frac- 
tographic  analysis.  For  double-line  RT  indications,  in  addition  to  the  fine 
porosity  adjacent  to  the  face  of  the  weld,  somewhat  lighter  concentrations 
of  larger  (0. 002  to  0. 003-inch-diameter)  porosity  were  detected  at  the  root- 


Figurt  109.  Fatigue  Endurance  of  Flawless  1.6-lnch-Thlck  EB  Welds 
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Figure  110.  Fatigue  Properties  of  Porosity-Containing  0.080-Inch-Thick  EB  Welds 


side  of  the  weld  cross-section.  Figure  112  shows  the  fracture  surface  of  a 
specimen  for  which  double-line  RT  indications  were  obtained  during  pre- 
test radiography.  A heavy  concentration  of  fine  porosity  is  readily  detect- 
able in  the  face-side  (top)  portion  of  the  weld.  Definition  of  larger  porosity 
in  the  root-side  portion  of  the  weld  was  somewhat  more  difficult  due  to 
focusing  complications  related  to  contour  variations. 

• For  the  majority  of  points  located  to  the  right  of  Line  B-B  of  Figure  110, 
minor  scattered  0.003-0.008-inch  porosity  was  indicated  by  radiography. 
Examination  of  fracture  surfaces  confirmed  radiographic  findings.  In  addi- 
tion, presence  of  finer  0.001  to  0.002 -inch-diameter  porosity  was  detected. 
From  specimens  containing  scattered  porosity  and  exhibiting  well-defined 
failure  initiation  sites,  samples  were  selected  for  analysis  by  the  method 
developed  by  Lindh  and  Peshak(2)  which  assigns  K+  factors  based  on  their 
size  and  distance  from  the  surface.  In  Specimen  13-1,  for  example,  failure 
occurred  at  a 0.002-inch-diameter  pore  as  shown  in  Figure  113.  The  dis- 
tance from  the  center  of  the  pore  to  the  surface  was  also  0.002  inch.  Thus, 
the  ratio  of  the  radius  to  the  distance  from  the  surfaoe  (r/h)  was  0.5. 

For  this  ratio,  Reference  2 estimates  the  value  of  K,  to  be  approximately  6. 
This  value  oould  not  be  verified  by  experimental  data. 
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On  the  other  hand,  the  r/h  ratio  for  Specimen  5-1  shown  in  Figure  114  was 
calculated  to  be  0. 17  and  the  corresponding  h't  value  to  be  approximately 
2,  In  this  case,  the  calculated  value  of  Kj.  provides  a reasonable  approx- 
imation for  the  experimental  value.  It  should  be  noted  that  the  location 
of  the  initiation  site  in  Specimen  5-1  is  more  closely  related  to  the  config- 
urations of  photoelastic  models  utilized  in  Reference  2. 

2.  0. 25- Inch- Thick  Welds 


Data  on  porous  0.25-inch-thick  EB  welds  are  superimposed  on  Kt  curves  for 
the  base  metal  in  Figure  115.  In  addition  to  specimens  with  definite  radiographic 
indications,  some  specimens  without  RT  defects  were  tested  to  verify  that  flawless 
specimens  machined  from  porosity-induced  blanks  were  comparable  to  flawless 
specimens  pr-oduced  by  standard  techniques,  i.e.,  without  intentional  contamination 
of  faying  surfaces.  These  specimens  are  identified  with  an  "X"  prefix.  Both  face 
and  root  contours  of  all  specimens  were  machined  flush  with  the  surface. 

a.  Fatigue  Endurance  of  Specimens  Without  Radiographic  (RT)  Indications 


Of  seven  specimens  without  pre-test  RT  indications,  three  (3-3X,  6-1X  and 
17-2X)  failed  in  the  base  metal  and  in  the  remaining  four  (13-3X,  17-1X,  17-3X  and 
17-4X)  failure  initiated  at  isolated  microporosity  (0.  001  to  0.  004-inch  in  diameter) 
as  shown  in  Figures  11 6 and  117.  The  endurance  values  obtained  were  comparable  to 
those  of  flawless  specimens  produced  by  conventional  techniques  (Figure  106). 


Figure  111.  Multiple-Fracture  Initiation  Pattern 
Detected  in  Specimen  7-3  (20X  MAG) 


Figure  1 12.  Fracture  Surface  of  Specimen  2-1 
For  Which  Double- Line  Porosity 
Indication*  Were  Detected  by 
Prior  Radiography  - 
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*>•  Fatigue  Kndurnm  o of  Spoclmena  with  Indications  of  Llnonr  (0.00.1  to  0.005  Inch) 
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Fatigue  endurance  data  on  specimens  with  linear  porosity  Indicntions  (nnd  no 
other  defects)  were  located  in  the  upper  portion  of  the  Ktal  to  K^=2  range  nnd  were 
thus  generally  comparable  to  flawless  specimens.  Specimens  :)-l,  6-1,  6-2  and  6-3 
were  included  in  this  group.  Specimens  3-1,  6-3  and  6-2  contained  Internal  porosity 
at  which  failure  initiated  as  shown  in  Figure  118.  Figure  119  showsjtwo  0.003-inch 
subsurface  (0.001  to  0.010  inch  from  the  surface)  pores  at  which  fracture  initiated  in 
Specimen  0-1.  $ ftf  f 

c.  Fatigue  Endurance  of  Specimens  with  Scattered  0,003  to  0.005-Inch  Porosity. 

:c  ..a';"- 

The  endurance  values  of  the  two  specimens  included  in  this  group  (3-2  and 
31-4)  were  in  the  proximity  of  the  l<t=2  curve.  A cluster  of  0.002  tofO,  003-inch 
pores  was  detected  at  the  subsurface  of  Specimen  3-2  as  shown  in  Figure  120.  Frac- 
tographv  of  Specimen  31-4  indicated  a multiple  failure  initiation  pattern. 


d.  Visual  Surface  Indicntions 


Visual  surface  indications  were  detected  in  Specimens  27-2,  27-3  and  27-4 
in  addition  to  the  fine  linear  porosity  detected  by  radiography.  These  visual  indi- 
cations were  the  remaining  portions  of  surface  porosity  partially  removed  during 
machining  as  shown  in  Figures  121  and  122.  A shallow  remaining  contour  detected 
in  Specimen  27-3  reduced  the  endurance  value  only  moderately;  a deep  surface  pore, 
on  the  other  hand,  led  to  a very  significant  decrease  in  fatigue  endurance  in  Specimens 
27-2  and  27-4. 


e.  Fatigue  Endurance  of  Specimens  with  Double-Row  or  Double-Line  Porosity 
Indications 

* ' ' :V 

Specimens  with  double-row  or  double-line  porosity  indications  (Specimens 
24-1,  21-2  and  29-1)  exhibited  massive  porosity  and  an  unpredictable  failure 
initiation  pattern.  Fatigue  endurance  values  for  these  specimens  were  in  the  I<t  = 2 
to  Kt  = 3 range.  Figure  123  illustrates  massive  porosity  detected  at  the  failure 
initiation  site  in  Specimen  24-2. 

f.  Fatigue  Endurance  of  Specimens  Containing  Pores  Greater  Than  0.010  Inch 
In  Diameter 

The  specimens  in  this  group  (21-1,  21-2,  21-3,  24-4,  28-1,  28-2,  31-1  and 
31-2)  did  not  exhibit  any  uniform  failure  initiation  pattern  or  fatigue, endurance 
characteristic  that  could  be  correlated  with  the  size  of  detected  pores.  In  Specimen 
28-1,  for  instance,  the  failure  initiation  site  was  definitely  associated  with  a sub- 
surface 0.020-inch  pore  (Figure  124).  In  Specimens  31-1  (Figure  125),  on  the 
other  hand,  the  failure  initiated  at  a partially  removed  0.005-inch  surface  pore 
rather  than  at  the  0. 020-inch  pore  in  the  interior.  The  topography  of  the  region 
surrounding  the  larger  pore  was  definitely  of  the  overload  type.  In  Specimen  28-2, 
the  failure  initiated  at  the  extensive  interior  cluster  shown  In  Figure  126  rather 
than  at  the  internal  0.020  to  0.025-inch  pores  indicated  by  radiography. 
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Figure  120.  CNft«r  of  Fina  Pof«*  Detected  it  tha  c^»*  121,  Shallow  itfiwiali  indication  at  tha 

Sufcturface  Initiation  Sib)  in  Spachnan  Suflaca- Fwiiura-! (filiation  Sita  in 

31  (20X  mm  Spadman  274  (20X  MAG) 


F*#*»  121  Sutfaca  Fttra  at  tha  Faiiwa  Initurtien  Figuta  t21  Mmh*  Poroaity  tigewnMttf  Ai  tha 

Sit*  in  Spadman  274  (20X  MAG)  Failuta  Initiation  feta  fa  f pari  man 

241  (20X  MAG) 


g.  Fatigue  Endurance  of  Specimens  with  Missed  Seams  and  Large  Surface  Voids 


Missed  seams  and  surface  voids  indicated  by  RT  in  Specimens  12-2  and  13-2, 
respectively,  and  verified  by  subsequent  fractography  are  shown  in  Figures  127  and  * 
128.  Both  defects  resulted  in  a severe  degradation  of  fatigue  endurance  as  shown  in 
Figure  115. 

3.  1, 5-Inch-Thick  Welds 
a.  Fabrication  of  Experimental  Welds 


As  stated  in  the  previous  sections,  internal  porosity  was  to  be  induced  in  exper- 
imental welds  by  intentional  contamination  of  faying  surfaces  to  simulate  conditions 
of  inadequate  cleaning  which  could  inadvertently  occur  in  production.  In  most  cases, 
weldments  produced  by  these  techniques  contained  segments  without  radiographic  indi- 
cations from  which  specimens  could  be  machined  to  verify  that  experimental  techniques 
utilized  did  not  lead  to  reduction  of  fatigue  endurance  in  absence  of  internal  porosity. 

In  the  case  of  1,5 -inch-thick  weldments,  however,  techniques  utilized  in  inducing 
porosity  in  0.080  and  0.25 -inch-thick  welds  failed  to  produce  detectable  radiographic 
indications.  One  possible  reason  for  this  could  be  vaporization  of  Impurities  cku  to 
the  high  heat  input  required  to  obtain  full  penetration  in  a 1.5 -inch-thick  joint  and 
removal  of  impurities  in  the  vacuum  environment  which  was  facilitated  by  the  reduced 
speed  of  the  gun  travel.  In  subsequent  attempts  to  induce  porosity,  additional  contam- 
inants were  added  to  the  cutting  oil  which  was  applied  to  faying  surfaces  prior  to 
welding.  Utilization  of  one  of  these  contaminants  (G1  powder),  did  result  in  genera- 
tion of  large  voids  in  1.5-inch-thick  EB  weldments.  Radiographic  and  ultrasonic 
measurements  taken  on  the  machined  face  surface  revealed  considerable  variations  in 
size  and  configuration  of  included  voids. 

b.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  for  experimental  welds  are  plotted  in  Figure  129.  The 
solid  line  refers  to  the  fatigue  endurance  of  unnotched  base-metal  and  specimens 
machined  from  1.5-inch-thick  flawless  welds  (whose  data  points  were  in  close  prox- 
imity to  the  Kt  = 1 curve.)  The  two  dotted  reference  lines  (RL1  and  RL2)  were  drawn 
to  separate  data  regions  for  specimens  with  distinctly  different  defect  characteristics. 


Specimens  20-2  and  15-2,  with  fatigue  endurance  in  the  Kt  = 1 to  RL1  range, 
exhibited  no  radiographic  indications  except  for  one  0.015-inch  pore  indication  in 
Specimen  20-2.  Ultrasonic  measurements  indicated  the  presence  of  some  porosity  in 
Speoimen  15-2  about  l/2-inoh  from  the  face  surface  to  the  full  thickness.  Fracto- 
graphic  evaluation  deteoted  some  0.002 -to  0.003-inch  porosity  throughout  the  cross- 
seotion  of  both  specimens.  In  both  specimens,  the  failure  initiated  at  the  surfaoe. 

In  Specimen  15-2  the  failure  initiation  was  associated  with  0.001-inch  scattered  poro- 
sity. In  Specimen  20-2  the  initiation  site  was  associated  with  sux'face  and  subsurface 
porosity  in  the  0.004  to  0.008-inch  range.  As  discussed  in  para.  A,  which  deals 
with  fatigue  characteristics  of  flawless  specimens  produced  by  conventional  welding 
techniques,  data  points  for  these  specimens  were  in  dose  proximity  to  the  Kt  *=  1 curve. 
The  considerable  deviation  of  data  points  for  Specimens  20-2  and  15-2  from  the  Kt  * 1 
curve  suggests  the  possibility  of  contamination  of  the  weld  metal.  Accordingly,  a 
comparison  of  the  fatigue  enduranoe  of  porous  1.5-inch-thiok  EB  welds  to  that  of  the 
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base  metal  may  net  be  fully  Justified.  Figure  130  shows  the  failure  initiation  site 
in  Specimen  20-2.  specimens  2-1,  14-1,  15-1,  20-1  and  2-2  exhibited  fatigue  endur- 
ance in  the  range  between  Reference  Lines  1 and  2 (Figure  129). 

The  fracture  surface  for  Specimen  20-1  is  shown  in  Figure  131.  The  failure 
initiated  at  the  face-side  surface  of  the  weld.  Pre-test  radiography  of  this  specimen 
failed  to  reveal  the  presence  of  internal  defects.  Ultrasonic  "C"  scan  indicated  a 
void  5/6 -inch  from  the  face  and  subsequent  fractography  showed  this  indication  to  be  a 
0.015-inch  pore  at  the  specified  location.  Additional  porosity  in  the  0.005  to  0.015- 
inch  range,  however,  located  within  0.050 -inch  from  the  face,  was  not  detected. 
Porosity  in  the  0.004  to  0.010 -inch  range  was  detected  by  fractography  at  the  initiation 
site. 


„ to4  to5  106  to7 

o 


NUMBEHOF  CYCLES 

Figure  129.  Fatigue  Endurance  of  Porosity-Containing  1.5-Inch-Thick  E8  Welds 
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to  Specimen  15-1 , the  failure  initiated  at  a 0. 115  x 0. 050-inch  void  appoximately 
5/16-inch  from  the  face  surfaoe  as  shown  in  Figure  132.  The  presence  of  this  void 
was  detected  by  both  pretest  radiography  and  ultrasonic  "C"  scan  inspection. 


Figure  132.  Failure  Initiation  Site  in  Porosity-Containing  1.5-Inch-Thick  EB-Welded 
Specimen  15-1  (1.5  x MAG) 


Figure  133  shows  the  fracture  surface  of  Specimen  14-1,  where  the  failure 
initiated  at  a cluster  of  two  voids  (0.040  x 0,110-inoh  and  0.030  x 0.030~inoh,  0.080- 
inch  apart).  Pretest  radiography  identified  these  defects  as  0.050-and  0.025-inch 
voids  and  also  reported  (linear)  indications  of  a missed  seam.  Figure  134  shows  a 
ultrasonic  "CM  soan  printout  for  Speoimen  14-1  whioh  identifies  the  looation  of  the 
cluster  and  the  presence  of  a missed  seam.  Fractography  indicated  that  the  lack  of 
penetration  (due  to  a missed  seam)  was  in  the  0.010  to  0.020-inch  range.  There  were 
only  a few  secondary  failure  intiation  sites  associated  with  this  laok  of  penetration. 
Figure  135  illustrates  voids  that  are  0.140  to  0.180-inoh-long  and  0.090  to  0.100- 
inoh-wide  deteoted  at  failure  initiation  sites  in  Specimens  2-1  and  2-2.  The  second 
smaller  void  shown  in  Figure  135  was  looated  outside  the  failure  initiation  site.  Pre- 
test radiography  Identified  the  internal  defects  as  two  voids  with  a resultant  (total) 
length  of  0.150-lnch. 
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Figure  133.  Failure  Initiation  Site  in  Porosity-Containing  1.5-Inch- 
Thick  EB-Welded  Specimen  14-1  (1.5x  MAG) 
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Figure  134.  Ultrasonic  "C"-Scan  Printout  of  Porosity-Containing 
1.5- Inch-Thick  EB-Welded  Specimen  14-1 
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Figure  13S.  Fracture  Surface  of  Poroiity-Contalning  1.5-Inch-Thick 
EB-Welded  Specimen  2-2  (1 .5x  MAG) 


Figure  136  shows  the  ultrasonic  "C"  scan  printout  for  Specimen  2-2  in  the  one- 
inch  to  full  thickness  range.  The  defeots  were  identified  as  a large  void  located  one 
to 4-1/8  inch  from  the  face  (upper  edge  of  the  macrograph). 

Figures  137  through  139  Illustrate  the  type  of  internal  defects  encountered  in 
specimens  which  exhibited  even  lower  fatigue  values  (data  points  below  the  RL2  Line). 
The  presence  of  defects  was  correctly  predicted  by  both  the  pre-test  radiographic  and 
ultrasonic  tests.  All  these  defects  were  sites  of  failure  initiation.  In  Specimen  13-2 
(Figure  139),  which  contained  several  extensive  internal  defects,  the  failure  initiated 
at  an  edge  void.  Figure  140  shows  the  ultrasonic  "C"-scan  printout  for  Specimen 
13-2  in  the  1/2  to  1-inch  focusing  range. 


Figure  1 36.  Ultrasonic  ''C''-Scan  Printout  of  1 .5-Inch-Thick 

EB-Welded  Specimen  2-2  (Arrow  indicates  location 
of  a void  indication) 
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Figure  137.  Internal  Void  in  Porous  1.5-Inch-Thick  EB-Welded  Specimen  13-3 
(1.5X  MAG) 


Figure  138.  Internal  Voids  in  Porous  1.6-Inch-Thick  EB-Welded  Specimen  18-1 1 
| 1.5X  MAG) 
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Figure  139.  Extensive  Multiple  Defects  in  Porous  1.5-Inch -Thick 
EB-Welded  Specimen  13-2  (1.6x  MAG) 


Figure  140.  Ultrwonis  "C"-Scen  Printout  of  Porous  1.6-iiwh-Thick 
EB-Welded  Specimen  13-2 


c.  Aooustio  Emission  Monitoring 

Several  welded  titanium  specimens  were  monitored  with  an  advanoed  acoustic 
emission  monitoring  system  (Figure  141)  which  eliminated  noise  interference  from 
pumps  and  fixtures.  The  purpose  of  monitoring  these  specimens  was  to  determine 
the  cycle  at  which  oraok  initiation  ocourred  and  to  see  if  a correlation  between  acoustic 
emission  events  and  crack  propagation  rates  would  he  feasible.  The  computerised, 
complex  electronic  system  was  also  utilized  to  locate  the  source  of  the  acoustic 
emission  signals. 
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Figure  141.  Acoustic  Emission  Monitoring  System 


Three  specimens  identified  as  P-14  , p 14-2  and  P 18-1  were  evaluated.  These 
specimens  were  monitored  as  shown  in  Figure  142  using  transducers  arranged  for 
' master-slave"  and  "coincidence"  discrimination  techniques.  The  two  techniques 
combined  with  electronic  acoustic  emission  signal  modifications  allowed  only  signals 
from  the  oraoking  area  to  be  detected.  The  following  table  shows  the  oyole  at  which 
oraok  initiation  was  deteoted. 


Specimen  No. 

Fatigue  Life 
(cycles) 

Crack  Initiation 
(oycles) 

P 14-1 

71,400 

64, 000 

P 14-2 

5,880 

5,240 

P 18-1 

165,700 

64,400 

Examination  of  the  acoustic  emission  signal  distribution  during  testing  of  each 
specimen  showed  that  the  rates  of  emission  were  not  always  constant  once  initiation 
had  begun.  Acoustic  emission  rates  for  samples  tested  on  the  lower  part  of  the  S/N 
curve  (Specimens  PI  4-1  and  P14-2)  showed  a fast  Initial  rate  which  slowed  down 
gradually  prior  to  final  failure.  The  specimen  monitored  at  a higher  stress  (P18-1) 
showed  a constant  rate  of  emission  after  crack  initiation*  Figure  143  indicates 
data  obtained  for  these  specimens.  These  data  indicate  that  mechanisms  for  acoustic 
emission  generation  differ  for  different  parts  of  the  S/N  curve.  This  is  consistent 
with  present  theories  concerning  crack  initiation  and  propagation  at  various  stress 
levels.  Tests  performed  more  recently  on  production  steel  parts  tend  to  confirm  the 
P14-1  and  P14-2  curves. 

Final  correlation  of  the  acoustic  emission  signal  rate  to  the  crack  propagation 
rate  has  yet  to  be  determined.  Initial  tests  have  determined  that  a consistent  pattern 
does  emerge  when  samples  of  similar  stress  levels  are  monitored  with  acoustic 
emission.  Studies  should  be  continued  which  would  quantify  the  aooustio  emission 
events  to  the  da/dn  ratio.  These  studies  should  be  conducted  on  both  micro  and 
macro-levels.  The  micro-approach  would  attempt  to  correlate  the  individual  metal  - 
lurgial  fatigue  striations  with  the  acoustic  emission  events  during  each  cycle.  The 
macro-program  would  quantify  the  crack  growth  over  a number  of  cycles  using 
advanced  NDI  techniques.  The  relative  growth  of  the  crack  would  be  measured  and 
correlated  to  the  acoustic  emission  events,  b either  case,  these  studies  oan  only 
be  continued  with  acoustic  emission  monitoring  systems  that  have  appropriate  noise 
discrimination  techniques  for  accurate  flaw  detection  and  location. 


NOTE:  SPECIMEN  PI4  2 MAO  TWO  INITIATION  SITES  WHICH  APPARENTLY 

BEGAN  AT  DIFFERENT  TIMES;  HENCE.  TWO  OlSTENCT  CURVES. 


&SUM143.  Acourtk  EmMofl  D*t>  Obukwd  for  FMfcir*  Initiation  and 
PropMPriOA  ki  TIum  Defect***  W*kh 
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D.  MISMATCH  - .25-INCH -WELDS 


1.  Fabrication  of  Test  Specimens 

Mismatched  joints  were  produced  by  utilizing  0.016  and  0. 025-inch  shims  under 
one  of  the  faying  surfaces.  The  blanks  were  cteaned  and  welded  using  conventional 
EB  welding  parameters.  Pre-test  radiography  revealed  no  defect  indications  in  any 
of  the  specimens.  The  specimens  were  tested  in  the  as-welded  condition  (no  machin- 
ing). Figures  144  and  145  shown  actual  images  ob  tained  on  an  optical  comparator  for 
both  levels  of  mismatch. 

2.  Fatigue  Tests 


In  Figure  146,  the  experimental  data  obtained  are  superimposed  on  Kt=l»  =2 
and  =3  curves  for  the  base  metal.  It  is  evident  that  these  specimens  exhibited  vety 
low  endurance  values;  however,  there  were  no  significant  variations  in  data  obtained 
for  0. 016  and  0. 025-inch  mismatch 


Fractographic  evaluation  of  fracture  surfaces  revealed  that  failure  initiation 
occurred  at  random  at  either  the  root  or  face  of  the  weld.  Figure  147  shows  a typical 
failure  initiation  site  encountered  in  mismatched  specimens.  The  test  data  for  mis- 
matched EB  weldments  are  summarized  in  Appendix  B,  Table  B-10. 

E.  INTENTIONAL  UNDERFILL,  0.25-INCH-THICK  WELDS 

1.  Fabrication  of  Experimental  Weldments 

Underfill  defects  were  produced  in  experimental  weldments  by  inserting  shims 
between  faying  surfaces  at  outer  edges  of  welding  blanks.  A description  of  the  shims 
utilized  In  welding  various  blanks  is  included  in  Appendix  B-Jl.  This  table  also  lists 
fatigue  test  results  for  various  underfill  configurations. 

2,  Fatigue  Test  Results 

Fatigue  test  data  are  plotted  In  Figure  148.  These  data  were  analyzed  to  deter- 
mine the  correlation  between  endurance  values  and  width-to-depth  (W/D)  ratios 
determined  on  actual  weld  contours  utilizing  optical  comparator  images  at  10X  magnif- 
ication. For  W/D  ratios  above  2.4,  no  definite  correlations  eoutd  be  determined 
between  fatigue  endurance  values  and  specific  W/D  ratios  (dotted  band  in  Figure  148). 

A definite  lowering  of  fatigue  endurance  was  evident,  however,  at  W/D  ratios  in  the 
1.4  to  i.  Q range  and  below. 

Two  of  the  specimens  failed  at  the  root.  In  these  specimens,  the  weld  metal 
penetrated  below  the  lower  surface  of  the  joint  forming  a narrow  reinforcement 
type  contour  with  sharp  radii  which  caused  failure  initiation  at  this  site. 
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Width  and  depth  measurements  taken  on  each  underfill  configuration  are  included  in 
Appendix  B,  Table  B-ll.  Figure  14S  shows  a typical  failure  initiation  at  the  radius 
of  an  underfill. 

F.  SURFACE  CONTAMINATION  - 0. 23-INCH-YHICK  WELDS 

1.  Fabrication  of  Experimental  Weldments 

After  conventional  acid  cleaning,  faying  surfaces  were  wiped  with  a cloth 
wetted  with  Mobil  SB12FOB4420EM  v^gpum  oil.  All  other  operating  parameters 
were  identical  to  those  utilized  in  conventional  welding.  Both  root  and  face  surfaces 
of  the  weld  were  left  intact,  that  is,  in  the  as-welded  condition.  Pre-test  radio- 
graphy  indicated  ail  specimens  to  bs  free  from  internal  defects. 

2.  Evaluation  of  Fatigue  Test  Results 


The  generated  data  are  plotted  in  Figure  150.  Since  the  obtained  endurance 
values  are  in  close  proximity  to  the  K^=3  curve,  they  are  comparable  to  values 
expected  for  conventional  weldments  tested  without  prior  machining  of  weld  contours. 

A typical  contour  of  weldments  produced  in  the  course  of  these  studies  is  shown  in 
Figure  151. 

The  results  of  a microhardness  survey  conducted  on  cross-sections  of  con- 
taminated welds  are  shown  in  Figure  152.  No  significant  microhardness  variations 
were  detected. 

Fractographic  analysis  detected  fine,  scattered  0.001 -inch  porosity  in  one  of 
the  specimens  (Figure  153.  Numerical  data  on  fatigue  endurance  values  and  results 
of  fractographic  evaluations  are  presented  in  Appendix  B,  Table  B-12. 

G.  LACK  OF  PENETRATION  - 1. 5-INCH-THICK  WELDMENTS 

1.  Fabrication  of  Experimental  Welds. 

Two  levels  of  lack-of-penetration  were  obtained  by  decreasing  the  beam,  voltage 
and  beam  current  settings  and  increasing  travel  speed  on  the  final  weld  pass  (which 
followed  the  locking  pass. ) Minor  and  extensive  lack-of-penetration  levels  were  ob- 
tained by  decreasing  the  55kv  and  300  milliamp.  settings  utilized  in  conventional 
manufacturing  to  45kv  - 275  milliamp.  and  40  kv  -250  milliamp,  respectively.  In 
addition,  travel  speed  was  increased  in  both  cases  from  40  to  45-ipm.  Incomplete 
fusion  was  detected  by  both,  radiographic  and  ultrasonic  "C"  - scan  techniques. 

2.  Evaluation  of  Fatigue  Data 

Fractographic  examination  showed  that  the  zone  of  incomplete  fusion  was  0.44- 
inch-wide  (average  value)  in  Specimens  4-1,  4-2  and  4-3  (Figure  154),  and  in  the 
0.010  to  0.020-inch  range  in  Specimens  1-1,  1-2,  and  1-3  (Figure  155).  Both  types 
of  specimens  exhibited  a drastic  lowering  of  fatigue  endurance  as  shown  in  Figure  156. 
The  effect  of  variation  in  the  extent  of  the  lack-of-penetration  appeared  to  be  minor, 
however. 
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Flgur*  155.  Typical  Lack-of-Panatration  Dafocts  in  8pauimant  1-1, 1.2  and  14 
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H.  FATIGUE  ENDURANCE  OF  EB  WELDMENTS  CONTAINING  BURSTS 

I.  Fabrication  of  Experimental  Welds 


Experimental  welds  containing  (intentional)  bursts  were  produced  utilizing  a 
weld  blank  assembly  especially  designed  to  induce  a change  in  the  shape  of  the  molten 
puddle  and  to  simulate  rapid  cooling  conditions  existing  after  extinction  of  the  beam. 
Considerations  involved  in  design  of  the  experimental  weld  assembly  have  been  dis- 
cussed in  details  in  Section  3. 

Cylindrical  inserts,  1. 5 inches  in  both  length  and  diameter,  containing 
intentionally  induced  bursts  were  removed  from  the  weld  and  radiographically 
inspected.  The  bursts  were  found  to  extend  from  a point  1/4  inch  to  3/8  inch 
from  the  periphery  of  the  insert  - 0. 175  to  0.300  inch  toward  the  center  of  the 
weld  (top  view).  In  depth,  the  bursts  extended  to  0.400-0. 500  inch  from  the 
(face)  subsurface. 

Difficulties  were  encountered  in  attempts  to  incorporate  burst-containing  in- 
serts into  test  panels:  radiography  of  circumferential  welds  revealed  extensive  de- 
fects. The  presence  of  these  defects  was  attributed  to  the  fact  that  no  conventional 
start-  and  end  tabs  could  be  utilized  in  circumferential  welding.  Attempts  to  repair 
weldments  by  rewelding  from  both  sides  using  less  penetrating  beams  were  not 
successful. 

Intermittent  machining  operations  to  remove  contours  of  circumferential  beams 
prior  to  NDI  evaluations  decreased  thickness  of  test  panels  and  thus  exposed  some 
bursts  to  the  surface. 

Subsequently  the  inserts  were  removed  from  the  test  panel  and  remachined  to 
rectangular  shapes.  These  modifications  permitted  the  utilization  of  straight  welds 
and  conventional  "start"  and  "stop"  tabs.  The  final  radiographic  and  ultrasonic 
examinations  verified  presence  of  original  bursts  in  test  specimens. 

2.  Evaluation  of  Fatigue  Data 


Experimental  data  for  1. 5 inch  thick  EB  welments  containing  intentional  bursts 
are  plotted  in  Figure  157,  It  is  evident  that  presence  of  bursts  led  in  all  oases  to  a 
drastic  reduction  of  fatigue  characteristics. 

Figures  158  and  159  illustrate  typical  failure  initiation  sites  detected  by  sub- 
sequent fractography,  Of  the  five  specimens  tested,  only  specimen  No.  3 contained 
an  interior  burst;  bursts  in  other  specimens  were  exposed  to  the  surface  and  con- 
tained some  foreign  residues.  Although  all  bursts  reduced  drastioally  fatigue  en- 
durance of  weldments,  the  specimen  with  an  internal  burst  (No.  3)  compared  favor- 
ably to  those  containing  surface-exposed  bursts. 
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L SUMMARY 

g 

Fatigue  endurance  limits  £lO  cycles]  for  machined  flawless  EB  weldments 
were  determined  to  be:  80  ksl  for  0.080  inch-thick  welds,  70  ksi  for  0.25-inch-thick 
welds  and  65  ksi  for  1. 5-inch-thick  welds.  For  porosity-containing  0. 080 -inch-thick 
welds,  no  significant  deviations  were  apparent  in  test  data  generated  in  20  cpm  and 
1800  cpm  tests.  Above  100  ksi  level,  no  consistent  relationship  between  the  fatigue 
endurance  and  size  and  location  of  porosity  was  apparent.  At  lower  stress  levels, 
specimens  with  linear  radiographic  indications  exhibited  lower  fatigue  endurance 
caused  by  heavy  concentrations  of  fine  porosity.  Validity  of  predicting  fatigue  endur- 
ance of  specimens  with  isolated  internal  porosity  based  on  its  size  and  distance  from 
the  surface  could  not  be  verified  by  experimental  data. 

For  0.25-inch-thick  weldments,  some  specimens  were  machined  from  flawless 
portions  of  the  welds  designed  to  induce  porosity.  Fatigue  endurance  of  these  speci- 
mens was  comparable  to  that  of  flawless  welded  specimens  produced  by  conventional 
techniques.  Fine  linear  porosity  did  not  produce  significant  lowering  of  fatigue  endur- 
ance in  0.25-inch-thick  weldments.  Clusters  of  fine  porosity  and  surface-connected 
pores  resulted  in  a significant  lowering  of  fatigue  endurance,  especially  for  pore  diam- 
eters in  excess  of  0.010  inch.  Large  surface  voids  and  missed  seams  resulted  in  a 
drastic  lowering  of  fatigue  endurance. 

Techniques  utilized  in  generation  of  intentional  porosity  in  1. 5-inch-thiok  weld- 
ments may  have  resulted  in  contamination  of  the  weld  metal,  as  indicated  by  fatigue 
characteristics  of  specimens  machined  from  flawless  portions  of  those  weldments. 
Fatigue  endurance  of  porous  1. 5-inch  weldments  was  related  to  the  number  and  size 
of  internal  voids.  Burst-containing  welds  exhibited  drastic  reduction  in  fatigue  prop- 
erties. Feasibility  of  utilizing  acoustic  emission  monitoring  in  studies  of  failure 
Initiation  and  propagation  was  established. 

Mismatch  of  faying  surfaces  in  0.25  inch  joint  resulted  in  drastio  lowering  of 
fatigue  endurance.  Data  were  generated  cm  fatigue  properties  of  0.25  inch  weldments 
for  various  depth/width  ratios  of  underfills,  intentional  contamination  of  faying  sur- 
faces with  vacuum  oil  did  not  result  in  a significant  lowering  of  fatigue  endurance  of 
weldments.  Lack-of-penctratton  defects  in  1.5- inch  weldments  resulted  in  a drastio 
decrease  In  fatigue  endurance. 
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SECTION  VI 


FATIGUE  ENDURANCE  OF  MECHANIZED  PLASMA-ARC  WELDED 
(PAW)  0.25-INCH-THICK  WELDMENTS 
PHASE  n 


A.  INTRODUCTION 

This  section  presents  data  on  fatigue  endurance  of  flawless  and  (intentionally) 
defective  PAW  weldments.  The  data  are  presented  in  the  following  sequences 

• Flawless  welds 

• Porous  welds 

• Mismatch 

• Underfills  and  undercuts 

• Reinforced  welds 

• Surface-contaminated  welds 

• Summary 

B.  FLAWLESS  WE  IDS 

1.  Fabrication  Procedure 

Flawless  PAW  weldments  were  prepared  by  joining  blanks  with  squared  straight- 
butt  faying  surfaces  that  had  been  cleaned  by  conventional  acid  techniques  and  also 
wiped  with  MEK  solvent.  Argon  was  used  as  the  orifice  gas  in  both  shielding  and 
backup  operations.  Radiography  was  performed  on  as-welded  joints  and  after  the 
face  and  root  contours  were  machined  flush  with  the  surface.  In  both  instances*  all 
specimens  were  free  of  RT  indications. 

2.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  are  plotted  h Figure  160.  The  data  points  were  dis- 
tributed along  a smooth  cum  with  a minimum  of  scatter  and  an  indicated  10”  cycle 
endurance  limit  at  approximately  ?S  ksi.  Four  of  the  specimens  (1-1*  2-2*  2-4  and 
3-2)  failed  in  the  base  meutl.  Of  the  eight  specimens  which  failed  In  the  weld*  failure 
initated  on  the  surface  in  one  of  the  specimens  (1-2)  with  no  porosity  in  the  immediate 
vicinity*  and  at  a 0. 002-inch  pore*  0.070  inch  from  the  surface  in  mother  specimen 
(3-3).  Failure  initiation  sites  in  the  remaining  six  specimens  were  associated  with  a 
linear  arrangement  of  isolated  0.001  to  0. 003-inch  pores  0.020  to  0.030  inch  from  the 
face-side  of  the  weld  (Figure  161).  Since  about  nn  0,  312-incfc  layer  was  removed  white 
machining  the  weld  contours  flush  with  the  surface,  it  was  estimated  that  this  tine  of 
isolated  pores  was  originally  located  0. 035  to  0.045  inch  from  the  face  c*  the  weldment. 
It  is  interesting  to  note  that  although  the  size  and  concentration  of  pores  in  specimens 
with  intentionally  induced  porosity  (Paragraph  B)  were  increased,  the  basic  linear 
arrangement  and  the  distance  from  the  (face-side)  surface  remained  essentially  the 
tame.  A typical  linear  arrangement  of  pores  detected  in  flawless,  plasma-arc  welded 
specimens  is  shown  in  Figure  161.  Data  on  fatigue  endure  ace  values  and  results  of 
fractogrsphlc  evaluations  are  presented  in  Appendix  B,  Table  B-13. 
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C.  POROUS  WELDS 

1.  Fabrication  Procedure 

Techniques  utilized  to  intentionally  induce  porosity  included  swabbing  faying  sur- 
faces with  35%  HNO,  - 5%  HF  solution,  swabbing  oil  on  one  side  of  the  butt  joint,  long- 
time exposure  to  shop  environment  and  simulated  handling  without  protective  gloves, 
or  a combination  of  these  factors.  Other  process  variables  were  identical  to  those 
used  in  welding  the  flawless  specimens.  Contamination  techniques  utilized  for  each 
blank  are  listed  in  Appendix  B,  Table  B-14. 

2.  Evaluation  of  Fatigue  Data 


Fatigue  endurance  data  are  plotted  in  Figure  162,  All  but  three  of  the  experi 
mental  data  points  fell  within  a rather  narrow  band.  Two  values  above  this  band 
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Figure  161,  Typical  Linear  Arrangement  of  Isolated  Pores  Detected 
in  Soma  Flawless  PAW  Specimens  (20  X MAG) 

(3-F  and  4-F)  were  for  specimens  without  pre-test  RT  indications.  The  sample 
below  the  lower  boundary  of  the  band  (7-3)  had  a six-pore  duster  in  the  immediate 
vicinity  of  the  (edge)  surface. 

All  specimens  with  pre-test  Rr"  indications  had  one  common  feature  - a linear 
porosity  band  at  the  face-side  surface  which  was  detected  by  radiographic  and 
fraetographic  analyses.  The  width  of  this  band  varied  from  0.010  to  0. 030  inch;  the 
median  value  was  0. 020  inch.  The  distance  of  this  band  from  the  fare-side  surface 
of  the  test  specimen  varied  from  0,010  to  0.040  inch  (probably  a function  on  the  amount 
of  material  removed  in  machining  weld  contours  flush  with  the  surface).  In  all  speci- 
mens, the  failure  Initiated  in  one  or  several  pores  contained  in  this  band,  except 
specimen  7-4  In  which  the  failure  initiated  at  a surface  pore  at  the  root-side  ef  the 
weld.  Pre-test  radiography  described  this  band  as  linear  poreMty  on  the  upper  edge 
of  the  weld.  The  site  of  pores  indicated  in  RT  data  corresponded  closely  to  actual 
measurements  taken  in  the  course  of  fraetographic  analyses.  A typical  distribution 
of  pores  within  the  porosity  tend  is  shown  in  Figures  163  and  164.  In  machining  the 
reduced  sections  of  some  test  specimens,  pores  contained  in  the  tend  sere  brought 
into  the  immediate  vicinity  of  the  (edge)  surface  of  the  specimens.  The  fatigue  endur- 
ance values  of  these  specimens  were  in  the  lower  portion  of  the  data  band  shewn  In 
Figure  162  (for  example.  Specimens  5-2,  5-3  and  6-4).  In  Specimen  7-3,  the  surface- 
proximity  effect  was  aggravated  by  the  clustering  arrangement  of  pores.  Detailed  data 
on  the  results  of  fatigue  endurance  tests  and  fraetographic  studies  are  incorporated  in 
Appendix  D,  Table  B-14. 

a MISMATCH 

1.  Fabrication  Procedure 

Mismatch  defects  in  PAW  weldments  were  produced  by  positioning  0. 016  and 
0, 025-inch  shims  under  one  of  the  blank  halves  to  be  joined.  The  parameters  used  in 
weldit*;  of  mismatched  plates  were  identical  to  those  used  for  the  flawless  specimens. 
Specimens  machined  from  blanks  representing  two  levels  of  mismatch  were  positioned 


117 


on  an  optical  comparator  and  their  exact  contour  was  traced  at  10X  magnification 
utilizing  graphpaper  superimposed  on  the  viewing  screen.  Typical  contours  illustrat- 
ing two  levels  of  mismatch  obtained  are  shown  in  Figures  165  and  166.  Pre-test 
radiography  indicated  that  all  specimens  were  free  from  internal  defects. 

2.  Evaluation  of  Fatigue  Data 

Experimental  data  on  fatigue  endurance  of  specimens  representing  two  levels 
of  mismatch  are  superimposed  on  K.  curves  tor  the  base  material  in  Figure  167. 

It  is  evident  that  in  both  cases  the  values  were  either  in  close  proximity  to  the  K = 3 
curve  or  below  it.  Most  data  obtained  for  the  0. 025-inch  mismatch  were  from  5 to 
10  ksi  below  corresponding  values  for  the  0. 016-inch  mismatch.  Fractographic 
evaluation  of  failure  surfaces  revealed  linear  initiation  sites  at  the  roots  of  the  welds 
in  locations  indicated  in  Figures  165  and  166.  A typical  linear  initiation  site  encount- 
ered in  mismatched  specimens  is  shown  in  Figure  168,  Fatigue  endurance  data  are 
summarized  in  Table  B- 15,  Appendix  B 


Figure  162.  Fatigue  Endurance  of  Porous  0.25-Inch-Thick  Walds  Produced  by 
Maehanizatf  PAW  Technique 
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Figure  163.  Typical  Porosity  Band  Encountered  in  Figure  164.  Porosity  Band  Detected  in  Specimen 

PAW  Weld  Specimen  2-2  with  Intention-  4 PAW-P-1-2  (20X  MAG) 

ally  Generated  Porosity  (20X  MAG) 
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Figure  168.  Typical  Linear  Failure  Initiation  Site  Encountered 

in  Mismatched  0.25-Inch-Thick  PAW  Welds  (20X  MAG) 

E.  WELDS  WITH  UNDERFILL  AND  UNDERCUT  DEFECTS 

1.  Fabrication  Procedure 

During  fabrication  of  (intentional)  underfill  and  undercut  defect  specimens,  the 
current  was  increased  from  235  amperes  (used  in  manufacturing  of  flawless  welds)  to 
260  and  300  amperes,  respectively,  and  the  slope  gas  flow  was  increased  from  10 
cfh  to  11  and  13  cfh,  respectively.  Utilizing  this  approach,  shallow  underfills  in  the 
0.005  to  0.010  inch-deep  and  0.13  to  0.17-inch-wide  ranges,  and  undercuts  with  depths 
and  widths  in  the  0.005  to  0,015-inch  and  0.050  to  0.150  inch  ranges,  respectively, 
could  be  produced.  Both  shallow  underfill  and  shallow  undercuts  defects  were  as- 
sociated, however,  with  crowns  at  the  root  of  the  weld.  The  height,  width  and  approx- 
imate radius  of  curvature  of  these  crowns  were  in  the  0.020  to  0.030-inch,  0.125  to 
0,150-inch,  and  0.125  to  0.140-inch  ranges,  respectively.  A typical  configuration 
of  a shallow  undercut  obtained  by  these  techniques  is  shown  in  Figure  169,  Pre-test 
radiography  detected  no  internal  defects,  and  indications  of  external  defects  were 
detected  only  in  some  of  the  undercut  configurations. 

2.  Evaluation  of  Fatigue  Data 

Experimental  fatigue  data  are  plotted  in  Figure  170,  It  is  evident  that  fatigue 
characteristics  of  PAW  weldments  with  shallow  underfill  or  undercut  defects  are 
generally  in  the  lower  portion  of  the  K ~ 1 to  K = 2 range,  Fractographic  analysis 
of  failed  surfaces  indicated,  however,  that  in  most  of  the  underfill-type  specimens 
and  in  many  of  the  undercut-type  test  coupons,  the  failure  initiated  not  at  the  face 
of  the  weld  but  at  the  crown  created  at  the  root  of  the  weldments.  A typical  failure 
initiation  site  at  the  root  of  the  weld  is  shown  in  Figure  171,  A typical  location  of 
the  (root)  failure  initiation  with  respect  to  the  contour  of  the  weld  is  shown  in  Figure 
169,  Attempts  to  correlate  small  differences  in  the  radii  of  cu rvature  at  the  (root) 
initiation  sites  with  the  fatigue  endurance  values  obtained  did  not  produce  consistent 
results.  Figure  172  shows  a failure  initiation  in  the  surface  undercut  in  Specimen 
UC 1-2.  Data  on  fatigue  endurance,  defect  characteristics  and  fractographic  findings 
are  listed  in  Appendix  B,  Table  B-16, 
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F.  REINFORCED  WELDS 


1.  Fabrication  Procedure 

Weldments  were  fabricated  utilizing  normal  production  welding  parameters. 
Two  levels  of  reinforcement  were  obtained  by  welding  blanks  with  and  without  the 
use  of  Ti-6A1-4V  filler  wire.  Typical  weld  contours  produced  by  these  techniques 
are  shown  in  Figures  173,  174  and  175.  Pre-test  radiography  did  not  reveal  any 
internal  or  contour  defects  in  any  of  the  specimens. 

2.  Evaluation  of  Fatigue  Data 

The  experimental  data  representing  both  ievels  of  reinforcement  are  shown  in 
Figure  176.  These  plots  show  that  for  specimens  produced  without  the  use  of  filler 
wire,  the  fatigue  endurance  values  obtained  are  in  the  lower  portion  of  the  K,  = 1 
to  K,  = 2 range.  These  findings  are  attributable  to  the  shallow  contours  of  the  face 
and  root  reinforcements  (Specimens  2-1  through  2-4).  On  the  other  hand,  specimens 
1-1  through  1-4,  which  were  welded  with  filler  wire,  had  more  pronounced  rein- 
forcement contours  on  the  face  and  root  of  the  weld  (Figure  173).  And  except 


Figure  169.  Contour  of  0.26-inch-Thick  PAW  Wald  with  Shallow  Undtrcut  Dtfact 
(Sptdman  UC2-3) 
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F|gw«  170,  Fatigue  Endurance  of  0 .2S*lnch-Thick  PAW  Weldment*  with 
Minor  Underfill  end  Undercut  Defect* 


Figure  171.  Typical  Linear  Failure  Initiation  at  the 
Root  Encountered  in  0.25-lnehThick 
PAW  Specimen*  with  Minor  Underfill* 
and  Undercut*  (20X  MAO) 


Figure  172.  Failure  Initiation  Site  at  Surfaee  Under* 
cut  in  Spedman  UC  1*2  (20X  MAG) 
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R«ura  174.  Typical  Contour  of  0*2Wnch  Thick  PtwmeArc  Wakb  Produced  Without  Pillar  Wire 
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for  Specimen  1-2,  their  fatigue  endurance  data  were  located  in  the  upper  portion  of 
the  Kt  = 2 to  Kt  = 3 range.  The  contour  of  Specimen  1-2  (Figure  175)  exhibited  a 
narrower  and  more  protruding  root  reinforcement  which  led  to  a noticeable  lowering 
in  fatigue  endurance.  All  specimens  failed  at  the  root  of  the  weldments  as  shown  in 
Figures  173  and  174.  A nondescript  linear  failure  initiation  detected  in  all  specimens 
is  illustrated  in  Figure  177.  Fatigue  endurance  data  are  summarized  in  Appendix  B, 
Table  B-17. 

G.  SURFACE-CONTAMINATED  WELDS 

1.  Fabrication  Procedure 

Surface  contamination  was  produced  by  reducing  or  eliminating  the  flow  of 
protective  trail-shield  and/or  torch-shield  gases.  Detailed  data  on  the  flow  rate 
\ariations  of  protective  gases  are  included  in  Appendix  B,  Table  B-18.  Theweldblanks 
were  processed  by  conventional  cleaning  techniques.  Pre-test  radiography  did  not 
indicate  the  presence  of  internal  detects  in  any  of  the  specimens.  The  specimens 
were  tested  in  the  as-welded  condition,  that  is,  without  machining  the  face  and 
root  contours  flush  with  the  surface.  A typical  weld  contour  of  the  test  specimens 
is  shown  in  Figure  178.  Discolorations  were  clearly  detectable  on  all  surfaces  of 
weldments. 


2.  Evaluation  of  Fatigue  Data 

Experimental  fatigue  endurance  data  are  presented  in  Figure  179.  All  data 
fell  within  the  K.  « 2 to  K,  = 3 range  and  were  equivalent  to  those  for  tho  reinforced 
specimens  with  comparable  wold  contours  shown  in  Figures  173  and  174. 
Microhardness  readings  taken  on  cross-sections  of  the  experimental  weldments 
failed  to  detect  extensive  hardness  variations  in  the  vicinity  of  the  weld  surface 
(see  Figure  180).  Failure  initiated  at  the  root  of  the  weldments  as  shown  in  Figure 
178,  except  for  Specimens  SU  '1-2  and  2-4,  which  failed  at  the  faoe  crown.  A 
typical  failure  initiation  detected  et  fracture  surfaces  is  shown  In  Figure  181.  Data 
on  contamination  methods  utilizes.!  and  fatigue  endurance  of  specimens  are  presented 
In  Appendix  B,  Table  B-18, 


MAXIMUM  STRESS  KSt 


H.  SUMMARY 


Fatigue  endurance  limit  (106  cycles)  for  machined  flawless  0.2C  inch-thick 
PAW  welds  was  determined  to  be  75  ksl. 

All  porosity-containing  welds  exhibited  one  common  feature-linear  arrangement 
of  pores  about  0. 040  inch  from  the  (original)  face  of  weldments.  Location  of  porea 
with  respect  to  (edge)  surfaces  of  test  specimens  had  a detectable  effect  on  fatigue 
endurance.  Specimens  machined  from  flawless  portions  of  weldments  designed  to 
induce  porosity  exhibited  fatigue  characteristics  comparable  to  those  of  flawless 
specimens  produced  by  standard  techniques. 


Mismatched  welds  exhibited  a drastic  reduction  in  fatigue  endurance.  Data  points 
for  welds  designed  to  produce  minor  undercut  and  underfills  were  in  the  lower  portion 
of  the  Kt=l  to  K=2  range,  hi  most  of  these  specimens,  however,  the  failure  initiated  at 
* , J00*  “ * ltfcnents.  Fatigue  endurance  data  were  generated  for  two  levels 

of  (face)  reinforcements.  Variations  in  shielding  parameters  failed  to  produce  detec- 
table variations  of  fatigue  characteristics. 
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SECTION  VII 


FATIGUE  CHARACTERBTICS  OF  0. 25-INCH-THICK 
GAS-METAL-ARC  (GMA)  WELDMENTS  - PHASE  II 

A.  INTRODUCTION 

This  section  presents  data  on  fatigue  characteristics  of  flawless  and  (intention- 
ally) defective  GMA  welds.  The  data  are  presented  in  the  following  sequence: 

• Weld  preparation 

• Flawless  welds 

• Welds  with  undercuts  and  lack-of-penetratlon  defects 

• Porous  weldments 

• Summary 


B.  WELDMENT  PREPARATION 

Experimental  GMA  welds  were  fabricated  utilizing  a Linde  Type  SVI-500  power 
source,  5b  laky  welding  boom,  and  Unde  Sigma  Type  ST-5  welding  torch.  Faying 
surfaces  were  machined  to  provide  90 -degree  included  angles  and  0.060  to  0.065- 
inch  lands.  Argon  gas  was  used  for  torch  and  trailing  shielding. 

C.  FLAWLESS  WELDS 

1.  Fabrication  Procedure 

Blanks  intended  fo**  fabrication  of  flawless  welds  were  cleaned  by  conventional 
processes  and  scraped  prior  to  welding.  Each  joint  was  completed  in  two  passes. 
After  Joining,  the  welds  were  radiographed  and,  if  found  free  of  defects,  face  and 
root  contours  were  machined  flush  with  the  surface.  Partially  machined  blanks  were 
again  radiographed  and,  if  found  acceptable,  were  machined  into  transverse  weld 
specimens. 

2.  Evaluation  of  Fatigue  Data 

Data  generated  in  tension-tension  (R=0.  l ) fatigue  tests  arc  plotted  in  Figure 
182.  The  values  obtained  at  higher  stress  lewis  (loo  ksi  and  above)  are  within  the 
normal  range  of  scatter  around  the  K -1  curve.  At  the  low  atros s/high  cycle  region, 
however,  considerable  lowering  of  fatigue  endurance  is  apparent.  Specimen  1-2 
Catted  in  the  base  metal.  Of  the  specimens  which  failed  in  the  weld,  failure  sites 
were  not  associated  with  porosity  in  Specimens  1-3  and  4-1;  in  all  remaining  speci- 
mens, isolated  pores  0.001  to  0,002-inch  in  diameter  were  found  at  failure  initiations. 
Specimen  3-1,  which  had  failure  initiation  at  a 0,002-inch  surface  pore,  exhibited 
abnormally  low  fatigue  endurance.  Figures  183,  184  and  18$  illustrate  three  modes  of 
failure  initiation  in  flawlesa  GTA  welds.  The  results  of  fatigue  teste  and  fraeto- 
graphlc  evaluations  are  summarised  in  Apt'cndlx  B,  Table  B-19, 
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D.  WELDS  WITH  UNDERCUT  AND  LACK-0F-PENETRAT10N  DEFECTS 


1.  Fabrication  Procedure 

Efforts  to  produce  lack-of-penctration  defects  in  experimental  GMA  weldments  were  based 
on  a 1/16  -inch  increase  in  the  distance  from  faying  surfaces  to  the  contact  tube  containing 
the  electrode.  Although  the  desired  defects  could  be  produced,  those  techniques  resulted 
also  in  the  generation  of  pronounced  undercuts  on  the  face  of  the  weld  and  in  many  instances 
the  failure  initiated  at  undercuts  rather  than  lack-of-penetration  defects. 


IS2.  - r~4“>— Cl—*‘"  n 3BM>cfe»Ti>kfc lffu*  fftfifiit  Ta>rim»ni 
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Figure  183.  Failure  Initiation  Site  Not  Associated  with 
Porosity  in  Specimen  1-3  (20X  MAG) 


Figure  184.  Failure  Initiation  at  Internal  Porosity  in 
Specimen  3-2  (20X  MAG) 


Figure  185.  Failure  Initiation  at  a Face  Pore  In 
Specimen  3-1  (20X  MAG) 
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2.  Evaluation  of  Fatigue  Data 

The  results  of  fatigue  tests  are  plotted  in  Figure  186.  The  data  obtained  fell  within 
a narrow  band  below  the  Kt=3  curve.  The  depth  of  the  lack-of-penetration  defects  ranged 
from  0.006  inch  in  Specimen  6-4  (Figure  187)  to  0.050  inch  in  Specimen  6-1.  A lack-of- 
penetration  defect  with  depth  varying  from  0.030  to  0.045  inch  detected  on  the  surface  of 
Specimen  P5-3  is  shown  in  Figure  188;  alignment  of  porosity  along  the  boundary  of  the 
defect  was  also  noticed.  Width  and  depth  dimensions  of  the  undercut  were  in  the  range  of 

0. 002. to  0. 049  inch  and  0. 040  to  0. 125  inch,  respectively.  Figure  189  shows  the  trans- 

verse contour  of  Specimen  5-4.  Data  on  fatigue  endurance  and  fractographic  findings  are 
listed  in  Appendix  B,  Table  B20.  B 

E.  FATIGUE  ENDURANCE  OF  POROSITY-CONTAINING  WELDS 

1.  Fabrication  Procedure 

The  faying  surfaces  of  blanks  were  contaminated  either  by  No.  10  oil,  handling 
without  protective  gloves,  grit  blasting,  exposure  to  shop  environment  for  long  periods, 
or  a combination  of  these  factors.  Other  processing  parameters  were  identical  to  those 
utilized  in  conventional  GMA  welding. 

2.  Evaluation  of  Fatigue  Data 

Fatigue  endurance  data  are  plotted  in  Figure  190.  Analysis  of  the  data  indicated 
that,  although  some  evidence  of  dependence  of  fatigue  endurance  on  porosity  size  could 
be  established  in  the  10 5 - 10  cycle  range  (Figures  191,  192  and  193),  this  trend  could 
not  verified  by  fractographic  data  on  other  experimental  specimens.  One  possible  reason 
for  this  lack  of  correlation  could  be  that  the  heavy  concentration  of  porosity  at  the  root 
portion  of  the  weld  and  the  fairly  uniform  size  of  the  majority  of  the  pores  caused  multiple 
f ailure  initiations.  Overlapping  crack  propagation  zones  made  it  very  difficult  to  determine 
the  primary  Initiation  site.  The  results  of  fatigue  endurance  tests  and  fractographic  evalu- 
ations are  summarized  in  Appendix  B,  Table  B21. 

F.  SUMMARY 

r 6 

Fatigue  endurance  limit  [10  cycles]  for  machined  flawless  specimens  was 
estimated  to  be  65  ksi.  Lack-of-penetration  and  undercut  defects  reduced  fatigue 
endurance  of  weldments  to  K{3  range.  Although  dependence  of  fatigue  endurance  on 
the  size  of  (subsurface)  porosity  was  evident  in  the  105  cycle  to  10°  cycle  range,  this 
trend  could  not  be  verified  for  specimens  tested  at  higher  stress  levels  due  to  a’fre- 
quent  occurrence  of  multiple-failure-initiations. 
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Figure  186,  Fatigue  Endurance  of  0.2S  Inch-Thick  GMA  Weld*  with  Leck-of -Penetration  Defects 
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Figure  187.  0.006-1 nch-Deep  Lack-of-Penetretion 
Defect  in  Specimen  6-4  (20X  MAG) 


Figure  188.  0.030  to  0.046-!nch-Deep  -ack-of-Pene- 
tration  Defect  in  Specimen  P6-3 
(20XWAG) 


Figure  191.  0.002-Inch-Diameter  Surface  Pore  at  the  Failure 
initiation  Site  in  Specimen  14-1  (20X  MAG) 


Figure  192.  0.008  to  0.010-Inch-Diameter  Surface  and  Sub- 
surface Pores  at  the  Failure  Initiation  Site  in 
Specimen  14-2  (20X  MAG) 


SECTION  vra 


CRITERIA  FOR  ACCEPTANCE  OF  TITANIUM  FUSION  WELDS 


A.  SCOPE 

The  proposed  acceptance  criteria  or  standards  for  titanium  fusion  welds  are 
based  not  only  on  the  results  of  this  program,  but  also  on  Grumman  Specifications 
GSS  6204,  "Fusion  Welding  of  Titanium  and  Titanium  Alloys, " GSS  6205,  "Electron 
Beam  Welding  of  Titanium  and  Titanium  Alloys,"  and  North  American  Rockwell 
Specification  ST0107LA0017,  "Fusion  Welding,  Titanium."  Guidelines  for  the  pro- 
posed acceptance  standards,  which  are  described  in  Paragraph  C,  relate  specific  data 
generated  in  the  course  of  the  Exploratory  Weld  Quality  Definition  Program  to  the 
requirements  of  proposed  specifications  and  provide  supporting  data  that  should  be 
considered  by  approving  agencies  and  in  granting  possible  requests  for  deviation. 

B.  PROPOSED  ACCEPTANCE  STANDARDS  FOR  TITANIUM  FUSION  WELDS 
1.  Visual  Inspection 


a.  Discoloration 

• PAW,  GTA  and  GMA  Welds.  The  weld  bead  and  adjacent  base  metal  shall 
have  a bright  silver  to  light-straw  appearance.  A blue-gray  or  gray  discol- 
oration or  the  presence  of  loose  scale  shall  be  cause  for  rejection. 

• EB  Welds.  Discoloration  due  to  EB  Welding  in  accordance  with  approved 
specifications  is  acceptable. 

b.  Incomplete  Penetration/Fusion.  All  welds  will  show  evidence  of  complete  (100— 
percent)  penetration.  Incomplete  fusion  and  missed  seams  shall  not  be  permitted. 

c.  Weld  Contours  - Reinforcement,  Underfill  and  Undercut.  The  depth  of  underfill 
and  undercut  shall  not  exceed  the  post-weld  machining  allowances  specified  on 
engineering  drawings.  For  welds  which  are  not  to  be  machined,  maximum  depth  of 
underfills  and  undercuts,  maximum  heights  of  reinforoement  and  minimum  allow- 
able contour  radii  must  be  specified  on  engineering  drawings. 

d.  Mismatch.  Maximum  mismatch  of  ten  percent  of  the  thickness  of  the  thinnest 
member  or  0. 030-inch  (whichever  is  less)  will  be  acceptable  in  joints  with  gradually 
blended  contours. 

e.  Cracks.  The  presence  of  cracks  in  the  weld  or  adjacent  base  metal  is  a cause 
for  rejection. 

f.  Surface  Inclusions  and  Porosity,  The  following  requirements  will  apply  to  sur- 
face inclusions  and  porosity  detected  in  the  course  of  macroscopic  and/or  liquid 
penetrant  examinations: 

• Surface  inclusions  are  not  acceptable. 

• Linear  porosity  is  not  acceptable  (for  definition  of  linear  porosity,  see 
Paragraph  2e), 
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• Maximum  allowables  for  pore  size  and  total  porosity  area  specified  for 
internal  porosity  in  Paragraph  2 will  be  reduced  by  50  percent. 

• Porosity  with  sharp  terminations  is  not  acceptable. 

2.  Nondestructive  Inspection 

a.  Cracks,  Lack  of  Penetration  and  Lack  of  Fusion.  Indications  of  cracks,  lack 
of  penetration  and  lack  of  fusion  will  be  a cause  for  rejection. 

b.  Inclusions.  Surface  inclusions  and  inclusions  with  sharp  terminations  will  be 
a cause  for  rejection.  Internal  inclusions  with  rounded  contours  will  be  acceptable 
subject  to  limitations  specified  for  internal  porosity  in  Paragraph  2c. 

c.  Internal  Porosity.  Acceptance  criteria  pertaining  to  internal  porosity  occurring 
in  EB  weldments  and  welds  produced  by  other  fusion  processes  (PAW,  GTA  andGMA) 
are  presented  separately  because  of  the  significant  differences  in  size  and  distribution 
of  porosity  which  occurs  in  these  weldments. 

• EB  Welds.  Two  or  more  adjacent  pores  other  than  those  aligned  (see  Para- 
graph  2c j shall  be  treated  as  one  pore  (excluding  the  space  between  them) 
when  the  spacing  between  them  is  less  than  three  times  the  greatest  dimen- 
sion of  the  smaller  adjacent  pore.  The  maximum  pore  diameter  shall  not 
exceed  0.1T  or  0.050  inch,  whichever  is  less  (T  is  defined  as  the  final 
thickness  of  the  weld  joint  after  all  phases  of  processing), 

• PAW,  GTA  and  GMA  Welds.  Two  or  more  adjacent  pores  other  than  those 
aligned  shall  be  treated  as  one  pore  (excluding  the  space  between  them)  when 
the  spacing  between  them  is  less  than  four  times  the  average  diameter  of 
the  smallest  adjacent  pore.  The  maximum  pore  diameter  shall  not  exceed 
1/3T  or  0.040  inch,  whichever  is  less  (T  is  defined  as  the  final  thickness  of 
the  weld  joint  after  all  phases  of  processing  at  the  location  of  porosity  to  be 
evaluated). 

d.  Total  Porosity  Area 


• EB  Welds.  The  sum  of  the  areas  of  all  pores  within  one  inch  of  the  weld 
shall  not  exceed  0.025T  square  inch  or  0.0125  square  inch,  whichever  is 
less. 

• PAW,  GTA  and  GMA  Wolds,  The  sum  of  the  areas  of  all  pores  within  one 
Inch  of  the  wold  shall  not  exceed  0.05T  square  inch  or  0.006  square  inch, 
whichever  is  less.  Pores  having  diameters  of  0.01T  or  0.01  inch,  which- 
ever is  less,  are  not  to  be  considered  in  determining  the  total  porosity  area. 

e.  Aligned  Porosity 


• EB  Wolds,  Aligned  porosity  is  defined  as  a group  of  five  or  more  individual 
pores  within  one  inch  of  the  weld  whose  radiographic  images  arc  intersected 
by  a straight  lino  (regardless  of  orientation  within  the  weld).  The  distance 
between  tho  adjacont  pores  being  considered  shall  be  less  than  four  times  the 
longest  dimension  of  the  smaller  adjacent  pore.  The  allowable  limits  arc 
0.01T  square  inch  or  0.006  square  inch,  whichever  is  less. 
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• PAW,  GTA  and  GMA  Welds.  Aligned  porosity  Is  defined  as  five  or  more 
pores  falling  on  a straight  line  and  within  one  linear  inch  of  the  weld.  Linear 
porosity  will  be  a cause  for  rejection  if  the  distance  between  adjacent  pores 
is  less  than  six  times  the  larges  dimension  of  the  smaller  adjacent  pore. 

C.  GUIDELINES  FOR  PROPOSED  ACCEPTANCE  STANDARDS  FOR  TITANIUM 
FUSION  WELDS 

This  section  summarizes  data  generated  in  the  course  of  the  Exploratory  Weld 
Quality  Program  that  pertain  to  the  proposed  acceptance  standards  presented  in 
Paragraph  B.  The  results  of  radiographic  analyses  of  representative  specimens  con- 
taining internal  porosity  for  compliance  with  proposed  standards  are  also  presented. 
The  information  is  presented  in  a sequence  that  will  facilitate  correlation  of  the  sup- 
porting data  with  the  proposed  specifications. 

1.  Visual  Inspection 


a.  Discoloration 

• GTA  and  PAW  Weldments.  In  the  Exploratory  Weld  Quality  Definition  (WQD) 
Program  welds  were  produced  by  the  GTA  process  in  0.080-  and  0.25-inoh- 
thick  blanks  under  intentionally  inadequate  shielding  conditions  obtained  by 
varying  of  the  flow  rates  of  the  toroh  and  trailing  shield  gases.  The  welds 
were  tested  in  tension-tension  (R  = 0.1)  fatigue  with  the  weld  contours  intact. 

Although  the  0. 080-inch-thick  welds  had  a light -to -medium  blue  to  gray  ap- 
pearance, their  fatigue  endurance  was  comparable  to  wolds  with  similar 
contours  produced  by  conventional  techniques.  The  estimated  values  for 
10®  and  10®  -cycle  endurance  limits  were  75  and  68  ksi,  respectively.  A 
microhardness  survey  of  transverse  sections  of  the  weld  failed  to  detect 
hardness  anomalies.  GTA  weldments  (0, 025  inch  thick)  with  gray  discolora- 
tion also  exhibited  fatigue  endurance  comparable  to  that  for  welds  with  simi- 
lar contours  produced  by  conventional  techniques,  and  neither  the  oxygen/ 
nitrogen  content  of  the  weld  metal  nor  the  microhardness  survey  indicated 
any  appreciable  anomalies.  However,  specimens  having  only  a slightly  dif- 
ferent bluish  tinge  exhibited  a pronounced  susceptibility  to  cracking  due  a 
significant  pickup  of  contaminants  (2514  ppm  oxygen  and  1731  ppm  nitrogen). 
The  microhardness  measurements  indicated  that  the  hardness  of  the  con- 
taminated weld  was  in  the  range  of  39-44  R0,  compared  to  33-36  R*  in  the 
base  metal.  Yellowish  discolorations  intentionally  produced  in  PAW  weld- 
ments foiled  to  yield  detectable  variations  in  fatigue  and  hardness  character- 
istics. 

* EB  Welds.  Slight  yellowish  discolorations  intentionally  produced  in  0,25-inoh- 
thick  EB  weids  by  contaminating  the  foying  surfaces  within  vacuum  oil  foiled 

to  result  in  significant  changes  in  either  the  fatigue  endurance  or  hardness 
of  the  weld. 

b.  Incomplete  Penetratloa/Fuslon.  GMA  welds  (0.25-inch  thick)  with  intentional 
lack-of-pehetration  Ui  the  6. 006-  to  d.  050-inch  range  exhibited  a drastic  lowering 

of  fotigue  endurance.  Ail  data  points  were  below  the  Kt  a 3 curve  for  the  base  metal. 
EB  welds  (1.5 -Inch-thick)  with  iack-of-penetration  in  the  0.010  to  0.44-inch  range 
also  exhibited  a drastic  lowering  in  fotigue  characteristic*.  The  effect  of  variations 
in  the  extent  of  the  Iack-of-penetration  defect,  however,  appeared  to  be  minor. 
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Weld  Contours 


• Reinforcement.  Intentional  reinforcements  were  produced  by  GTA  welding 
on  0. 080-inch-thick  butt  welds  and  by  GTA  and  PAW  welding  on 

0. 025 -inch-thick  butt  welds.  Reinforcements  on  0. 080-inch-thick  GTA  welds 
were  typically  0.015-inch  high  and  0.30-inch  wide  at  the  face  and  .015-inch 
high  and  0. 20-inch  wide  at  the  root.  The  typical  contour  of  these  weldments 
is  illustrated  in  Section  IV,  Figure  65.  The  fatigue  endurance  properties  of 
these  specimens  were  approximately  10  ksi  below  the  lower  boundary  of  the 
data  band  for  flawless  welds  with  weld  contours  machined  flush  with  the  base 
metal.  105  and  10®  -cycle  endurance  limits  for  these  weldments  were  esti- 
mated to  be  70  and  60  ksi,  respectively. 

Reinforcements  on  0.25-inch-thick  GTA  welds  were  typically  0.055-inch  in 
height  and  0.75-inch  in  width  on  the  face  of  the  weldment.  The  corresponding 
values  of  the  root  crown  were  0. 05-inch  and  0.25-inch.  A typical  contour  of 
these  weldments  is  illustrated  in  section  IV,  Figure  66.  Fatigue  properties 
of  these  weldments  were  significantly  below  those  of  welds  with  contours 
machined  flush  with  the  surface  and  comparable  to  those  of  the  base  metal 
at  tho  Kt=3  stress  intensity  level. 

Reinforcements  on  0.25 -inch  thick  PAW  weldments  were  of  two  types:  (1) 
those  with  (face)  reinforcements  in  the  range  of  up  to  0. 015  inch  in  height 
and  0.20  - 0.30-inch  In  width,  and  root  reinforcements  in  the  range  of  0.005 
- 0. 015-inch  in  height  and  0. 01  - 0. 12  inch  in  width;  and  (2)  those  with  face 
reinforcements  in  the  range  of  0.040-0.045  inch  in  height  and  0.20  to  0.25- 
inch  in  width.  The  contours  of  typical  weldments  of  each  type  are  Illustrated 
in  Section  VI,  Figure  173  and  174.  Fatigue  endurance  of  the  first  type  of 
reinforcements  was  in  the  lower  half  of  the  Kpl  to  Kt-2  range  and  the  data 
points  were  (on  the  average)  only  five  to  seven  ksi  below  the  lower  boundary 
of  the  data  band  for  flawless  machined  weldments.  Data  points  for  the  second 
type  fell  in  the  upper  half  of  the  K^-2  to  Kt~3  range,  and  the  10c  cycle  endur- 
ance limit  was  estimated  to  be  in  the  55  to  60-ksi  range. 

• Underfill.  Intentional  underfills  were  produced  in  0.080-inch-thick  GTA 
welds  and  0.25 -inch-thick  EB,  GTA  and  PAW  weldments.  Underfills  pro- 
duced in  0. 080-inch-thick  GTA  welds  were  0.010  to  0.015  inch  deep  and 
0.35  inch  wide.  Their  typical  contours  are  shown  in  Section  IV,  Figures 

68  and  60.  Face  and  root  contours  were  left  intact  in  the  course  of  machin- 
ing the  test  specimens.  Fatigue  endurance  data  were  scattered;  the  10s 
cycle  endurance  limit  was  estimated  to  be  in  the  65  to  85-ksi  range.  Pro- 
duction of  intentional  underfill  in  0.25 -inch-thick  GTA  welds  also  resulted 
in  generation  of  root  reinforcements.  The  typical  contour  of  these  weld- 
ments is  shown  in  Section  IV,  Figure  70.  The  width  of  the  underfills  was  0.8 
inch  and  the  depth  varied  from  0, 005  to  0. 015  Inch.  The  height  of  a typical 
root  reinforcement  was  0.050  inch  and  the  width  was  in  the  0.25  to  0.30-inch 
range.  The  failure  initiated  in  all  specimens  at  root  reinforcements.  The 
10®  cycle  and  106  cycle  endurance  limits  for  these  welds  were  estimated  to 
be  00  ksi  and  SO  ksi,  respectively. 
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Attempts  to  produce  intentional  underfills  by  PAW  techniques  also  resulted  in 
root  reinforcements.  The  depth  of  underfills  ranged  from  0.005  to  0. 010  inch 
and  the  width  ranged  from  0.13  to  0.17  inch.  The  height  of  the  root  reinforce- 
ment crown  was  in  the  0. 020  to  0. 030-inch  range,  and  its  width  was  in  the 
0.125  to  0.150-inch  range.  In  all  specimens,  the  failure  initiated  at  root 
reinforcements.  The  endurance  limit  for  these  specimens  (10°  cycles)  was 
estimated  to  be  70  ksl. 

In  0.25-inch-thick  EB  welds,  the  depth  of  intentional  underfills,  ranged  from 
0.025  to  0.100-inch.  AH  underfills  resulted  in  a drastic  lowering  of  fatigue 
endurance.  Progressive  deterioration  of  fatigue  characteristics  was  noted 
as  the  width/depth  ratio  decreased.  A detailed  discussion  of  contour  dimen- 
sions and  endurance  characteristics  is  incorporated  in  Section  V. 

e Undercuts.  Intentional  undercuts  were  produced  in  0.080-inch-thick  GTA 
welds  and  0.25-inch-thick  GTA  and  PAW  weldments. 

In  0.080-inch-thick  GTA  welds,  shallow  undercuts  about  0. 005 -inch  deep 
could  be  produced  by  decreasing  the  feed  rate  of  the  filler  wire.  In  addition 
to  shallow  undercuts,  however,  0. 015-inch-high  and  0,25 -inch-wide  rein- 
forcements crowns  were  detected  at  the  roots  of  the  weldments. 

Failure  Initiation  sites  were  detected  at  both  surfaces  of  the  experimental 
welds.  Fatigue  endurance  data  obtained  for  these  specimens  was  generally 
within  five  to  ten  ksi  of  the  lower  boundary  of  the  data  band  for  machined 
flawless  specimens.  The  typical  weld  contour  of  these  weldments  Is 
illustrated  in  Section  IV,  Figure  73. 

The  depth  of  the  undercuts  produced  in  0.25 -inch-thick  welds  by  GTA  tech- 
niques varied  from  0. 010  to  0. 020-inch  and  the  width  was  0. 125-inch.  The 
change  in  parameters  designed  to  produce  undercuts  also  resulted  in  the 
creation  of  root  reinforcement  crowns  in  the  range  of  0.050  to  0.090-incb 
in  width.  The  typical  contours  of  these  weldments  are  Illustrated  in  Section 
IV,  Figure  75.  Most  fatigue  endurance  data  points  were  within  10  ksi  of  the 
Kt“3  curve  for  the  base  metal  for  which  the  10s  cycle  endurance  limit  was 
approximately  40  ksi.  Frtciographic  evaluation  revealed  that  all  failure 
initiation  sites  were  at  the  root  reinforcement. 

Undercuts  produced  in  0, 25-inch-ihlck  PAW  weidments  were  in  the  range  of 
0. 006  to  0.025-lnch  in  depth  tnd  0.050  to  O.l&O-lneh  in  width.  The  height 
and  width  of  the  root  reinforcements  were  in  the  range  of  0.020  to  0.030- 
inch  and  0. 125-Inch,  respectively*  The  fatigue  data  points  for  these  weld- 
ments were  in  close  proximity  to  the  Kt»2cttrve  for  the  bese  metal  for  which 
the  10®  cycle  endurance  limit  was  indicated  to  be  60  ksi.  Proctography  indi- 
cated failure  initiation  sites  at  both  face  and  root-sides  of  the  weld. 

i.  Mismatch.  Intentional  mismatches  of  the  faying  surfaces  were  produced  in 
0. 080-inch -thick  GTA  butt  welds  and  0. 25-lnch-thlck  GTA,  EB  and  PAW  but t 
welds.  Ail  weldments  were  fatigue  tested  with  the  face  and  root  coo  tours  intact. 

Experimental  0. 080-inch-thick  GTA  buttwelds  were  produced  with  0.015 -inch 
(about  19  percent)  and  0. 025-inch  (about  31  percent)  mlamatch.  Typical  contours  of 
the  weldments  are  illustrated  in  Section  IV,  Figure  85.  Data  points  for  both  types  of 
specimens  fell  between  the  * 2 end  * 3 curves  for  tbe  base  metal  with  an  esti- 
mated 10®  cycle  endurance  limit  of  40  to  45  ksl.  In  ail  specimens,  failure  initiated 
at  the  root-aide  of  the  weldment. 
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Experimental  0. 25-inch-thick  GTA  butt  welds  were  produced  with  0.010-lnch 
(about  4 percent)  and  0. 036-inch  (about  14  percent)  mismatch.  Typical  contours  for 
both  types  of  weldments  are  illustrated  in  Section  IV,  Figures  90  and  91.  Data 
points  for  specimens  with  0.010-inch  mismatch  fell  between  the  K|=  2 and  K = 3. 
curves  for  the  base  metal  with  an  estimated  10®  cycle  endurance  limit  of  40  ksI. 

Data  points  for  specimens  with  0.036-inch  mismatch  fell  below  theKt=  3 curve  for 
the  base  metal  with  an  estimated  10®  cycle  endurance  limit  of  approximately  30  ksi. 

In  ail  specimens,  failure  initiated  at  the  root  reinforcement*  the  presence  of  which 
probably  aggravated  the  effect  of  the  mismatch. 

E^erimenta!  0.25-inch-thick  EB  weldments  were  produced  with  0.016-inch 
(about  6.5  percent)  and  0.025-inch  (about  10  percent)  mismatch.  Typical  contours 
of  both  types  of  weldments  are  Illustrated  in  Section  V.  Both  types  of  specimens 
exhibited  fatigue  endurance  values  below  the  Kt  - 3 curve  for  the  base  metal  with 
an  estimated  10®  cycle  endurance  limit  of  30  ksi.  In  all  specimens,  the  failure  in- 
itiated at  unusuaily  sharp  undercuts  adjacent  to  the  shallow  face  und  root  reinforce- 
ments which  apparently  aggravated  the  effect  of  the  mismatch. 

Experimental  0.25-inch-thick  PAW  weldments  were  produced  with  0.01 -inch 
(about  4 percent)  and  0.025-inch  (about  10  percent)  mismatch.  Typical  contours 
of  both  types  of  weldments  are  illustrated  in  Section  VI,  Figures  144  and  145.  The 
fatigue  endurance  data  points  for  both  types  of  specimens  fell  on  or  below  the  ” 3 
curve  for  the  base  metal  with  an  estimated  10®  cycle  endurance  limit  of  approxi- 
mately 30  ksi.  As  with  the  0.2S-inch-thick  GTA  weldments,  failure  in  these  speci- 
mens initiated  at  root  reinforcements. 

In  summary,  the  low  fatigue  values  of  mismatched  specimens  appeared  not  to 
be  due  primarily  to  mismatches  but  rather  to  the  change  in  characteristics  of  weld 
contours  produced  in  joining  mismatched  faying  surfaces.  The  removal  of  weld  con- 
tours to  allow  for  a gradual  blending  can  be  expected  to  improve  significantly  the 
fatigue  characteristics  of  these  weldments.  Accordingly,  the  requirements  of  limit- 
ing the  mismatch  to  10  percent  of  the  thickness  of  the  thinnest  member  or  0.035- 
inch  (whichever  is  less)  appears  to  be  satisfactory  provided  that  the  acceptance 
criteria  include  the  requirement  for  gradual  blending  of  mismatched  contours. 

e.  Cracks.  T1-6A1-4V  titanium  alloy  is  a "forgiving"  alloy.  Various  methods  of 
intentional  restraints  failed  to  induce  cracking.  The  only  cracks  detected  m the  sur- 
face of  experimental  weldments  were  associated  with  severe  surface  contamination 
intentionally  produced  by  eliminating  torch  shielding  in  the  GTA  welding  process. 

The  presence  of  cracks  was  verified  by  subsequent  radiography.  Ail  cracks  ran 
transversely  to  the  direction  of  the  weld  pass  and  were  thus  in  a parallel  alignment 
with  the  direction  of  stress  application  on  subsequent  fatigue  tests.  As  discussed 

in  Section  IV,  the  existing  cracks  served  as  failure  initiation  sites  and  crack -contain- 
ing specimens  exhibited  very  low  fatigue  endurance. 

f.  Surface  Inclusions  and  Po  rosily . Results  indicate  that  the  fatigue  endurance  of 
porosity-containing  welds  is  definitely  related  to  the  proximity  of  pores  to  the  sur- 
face. In  some  instances,  fractogrnphy  revested  that  the  failure  initiation  site  was 
associated  with  a small  pore  at  the  surface  rather  than  with  much  larger  pores  in 
the  interior  of  the  weld.  Although  limited  data  generated  during  the  course  of  this 
program  precluded  the  possibility  of  establishing  definite  mathematical  relationships 
between  fatigue  endurance  and  the  size  and  location  of  porosity,  it  appeared  to  be 
mandatory  to  recommend  a reduction  in  allowable  limits  for  surface- connected  poros- 
ity. 
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Future  studies  designed  to  evaluate  the  effectiveness  of  surface-treating  pro- 
cesses (for  example,  shot  peening)  in  improving  fatigue  endurance  of  welds  contain- 
ing surface  pores  may  eliminate  the  need  for  this  reduction  in  allowable  limits. 

The  recommendation  for  the  rejection  of  surface-connected  inclusions  is  based 
on  the  results  of  fractographic  analyses  which  revealed  crevices  at  the  (tungsten)  in- 
clusion/weld  metal  interface.  Residues  detected  in  some  of  these  crevices  indicated 
that  they  were  present  in  the  weld  prior  to  fatigue  testing. 

2.  Nondestructive  Inspection 


a.  Cracks,  Lack  of  Penetration  and  Lack  of  Fusion.  (See  discussion  in  Sub- 
section 1c). 

b.  Internal  Inclusions.  (See  discussion  in  Subsection  If) 

c.  Internal  Porosity.  To  verify  the  correlation  of  the  acceptance  criteria  pro- 
posed in  Paragraph  A with  the  experimental  data,  radiographic  films  for  72  0.080- 
nnd  0.25 -inch-thick  welds  produced  by  EB,  PAW,  GTA  and  GMA  welding  processes 
were  evaluated  for  compliance  with  proposed  specifications.  Figure  104  shows  that 
the  fatigue  endurance  of  0.23 -inch-thick  EB  weldments  containing  internal  porosity 
within  the  limits  of  proposed  specifications  is  comparable  to  that  of  radiographically 
flawless  specimens. 

In  Figure  193,  experimental  data  for  porosity-containing  0.25-inch-thick  welds 
produced  by  PAW.  OTA  and  GMA  welding  processes  are  superimposed  on  curves 
for  the  base  metal  (solid  lines)  and  lower  boundaries  of  the  data  bands  for  machined 
radiographically  flawless  specimens.  It  is  evident  that  above  13-ksi  level,  it  is  diffi- 
cult to  detect  a definite  relationship  between  the  radiographic  quality  of  the  speci- 
mens and  fatigue  endurance.  At  lower  stress  levels,  however,  this  relationship  is 
more  pronounced.  Most  specimens  of  acceptable  radiographic  quality  exhibited  dis- 
tinctly superior  fatigue  endurance  compared  to  rejec table  specimens  tested  at  the 
same  stress  level. 

Figure  196  summarises  data  on  fatigue  endurance  of  0.  080-inch -thick  weld- 
ments of  flawless#  acceptable  and  rejeetsble  radiographic  quality  produced  by  EB 
and  GTA  welding.  As  was  the  case  wish  the  data  plotted  in  Figure  193,  no  definite 
correlation  is  apparent  for  specimens  tested  at  high  stress  levels  (exceeding  100 
ksi).  Below  this  level,  on  the  other  hand,  most  specimens  with  acceptable  radio- 
graphic characteristics  exhibited  higher  fatigue  endurance  compared  to  rejeetable 
specimens  tested  at  the  same  stress  level. 

It  should  be  emphasized  that  considerable  relaxation  of  acceptance  criteria  for 
internal  porosity  may  be  feas&le  when  sufficient  data  become  avaifabie  to  establish 
mathematical  relationships  between  the  distribution  of  internal  porosity  with  respect 
to  the  weld  surfaces  and  inltlation  propagation  characteristics  of  the  fatigue  failure. 
Generation  of  data  required  in  establishing  these  relationships  may  be  greatly  facili- 
tated utilizing  acoustic  emission  monitoring  of  fatigue  specimens  (discussed  in  Section 
V)  and  advanced  ultrasonic  scanning  techniques  designed  to  determine  precise  locations 
of  internal  porosity  in  surface  layers  of  weldments.  Both  of  these  methods  recently 
have  been  shown  to  have  a significant  potential  in  advancing  the  state-of-the-art  of 
industrial  nondestructive  inspection. 
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SECTION  DC 


CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 
1.  General 


• Radiographically  flawless  weldments  having  weld  contours  machined  flush 
with  the  surface  exhibited  the  following  tension-tension  (R=0. 1)  fatigue  en- 
durance limits  at  106  cycles: 


Thick,  inch 

Welding  Process 

Fatigue  Endur.  ksi 

0.080 

EB 

85 

0.080 

GTA 

75 

0.25 

EB 

75 

0.25 

PA 

75 

0.25 

GMA 

65 

0.25 

GTA 

62 

1.5 

EB 

65 

Retention  of  as-welded  contours  on  GTA  and  PA  weldments  will  reduce  the 
fatigue  endurance  limit  from  5 to  20  ksi  depending  on  the  geometry  of  the 

retained  contour 

Except  for  cracks  and  EB  welding  bursts, 

typical  defects  encountered  in 

production  welding  can  be  generated  by  intentional  variation  of  processing 
parameters 


• Cracks  could  be  detected  only  in  0. 25-inch-thick  GTA  weldments 
produced  under  severely  contaminating  conditions 

• EB  welding  burst  defects  can  be  produced  in  1.5 -inch-thick  plate  contoured 
to  meet  postulated  molten-puddle-shape  and  cooling  conditions  existing  after 
extinction  of  the  electron  beam 


• Differences  in  the  characteristics  of  defects  which  may  occur  in  EB  weldments 
and  those  which  may  occur  in  PA,  GTA  and  GMA  weldments  warrant  their 
separate  consideration,  especially  with  regard  to  formulation  of  acceptance 
criteria 

• Except  for  1.5-inch-thick  EB  weldments,  intentional  contamination  of  faying 
surfaces  to  produce  internal  porosity  did  not  significantly  reduce  fatigue  en- 
durance of  specimens  machined  from  radiographically  flawless  sections 

of  these  weldments 

• The  proposed  acceptance/rejection  standards  for  titanium  fusion  welds  can 

be  used  to  screen  out  welds  having  inferior  fatigue  endurance  characteristics . 

2.  Weld  Defect-Fatigue  Endurance  Correlation 


• Incomplete  Penetration.  Incomplete  penetration  in  0.25-inch-thick  GMA  and 
1.5 -inch-thick  EB  weldments  drastically  reduced  their  fatigue  endurance 
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• Underfills,  If  root  reinforcements  are  not  present,  the  fatigue  endurance 
of  0.080-inch-thick  welds  having  minor  underfills  (0.010  to  0.015-inch 
thick)  is  comparable  to  that  for  weldments  having  normal  as-welded  con- 
tours. Generation  of  intentional  underfills  in  0. 25-lnch-thick  GTA  and  PA 
weldments  resulted  in  the  creation  of  root  reinforcements  which  served  as 
failure  initiation  sites.  Underfills  in  0.25 -inch-thick  EB  weldments  dras- 
tically reduced  fatigue  endurance. 

o Undercuts.  The  fatigue  endurance  of  0. 080-inch-thick  welds  with  minor 
undercuts  (0.005 -inch  deep)  is  comparable  to  that  for  weldments  having 
normal  as-welded  contours.  Generation  of  intentional  undercuts  in  0. 25- 
inch-thick  GTA  weldments  resulted  in  the  creation  of  root  reinforcements 
which  served  as  failure  initiation  sites.  Plasma -arc  weldments  (0.25- 
inch-thick)  with  0.005  to  0.01 5 -inch-deep  undercuts  bad  a fatigue  endurance 
limit  of  60  ksi  at  106  cycles. 

• Mismatch.  The  low  fatigue  endurance  of  0. 080-inch-thick  GTA  and  0.25- 
inch-thick  EB,  GTA  and  PA  weldments  with  mismatches  is  not  due  to  the 
mismatches  themselves  but  rather  to  the  resultant  extensive  changes  in 
weld  contours.  Blending  of  weld  contours  should  significantly  improve  the 
fatigue  endurance  of  these  weldments. 

• Inclusions.  The  fatigue  endurance  of  0.080  and  0.25 -inch-thick  GTA  welds 
with  internal  tungsten  inclusions  was  comparable  to  that  for  inclusion-free 
specimens  having  similar  contours.  Tungsten  inclusions  exposed  to  the 
surface  did  cause  a drastic  reduction  in  fatigue  endurance. 

• Surface  Contamination.  Slight  yellowish  discolorations  in  EB  and  PA  weld- 
ments made  by  approved  processes  did  not  result  in  a significant  decrease 
in  fatigue  endurance.  Bluish-gray  discolorations  on  GTA  weldments  may 
indicate  extensive  pickup  of  contaminants  with  resultant  susceptibility  to 
cracking  and  drastic  reduction  in  fatigue  endurance. 

• Porosity 

- 0. 080-Inch-Thick  EB  Welds 

• Variation  in  test  frequency  had  no  apparent  effect  on  fatigue  life 

• A pronounced  multiple-failure  initiation  pattern  was  evident  above  the 
100-ksi  stress  level.  There  was  no  apparent  correlation  between 
radiographic  and  fractrographic  findings  and  fatigue  endurance  above 
this  stress  level. 

• Linear  radiographic  indications  wore  related  to  porosity  concentration 
in  the  face  or  root  portions  of  the  weld.  The  fatigue  endurance  of 
specimens  with  linear  radiographic  indications  was  in  the  lower  por- 
tion of  the  obtained  data  band.  Specimens  exhibiting  these  indications 
would  be  rejectable  in  terms  of  the  proposed  standards. 

• Fatigue  endurance  values  preducted  by  assigning  Kt  factors  to  individ- 
ual pores  (Reference  2)  could  not  be  verified  by  experimental  data. 
This  lack  of  correlation  could  be  attributed  to  appreciable  differences 
in  the  weld  defect  characteristics  considered. 

- 0.25 -Inch-Thick  EB  Welds 

• Linear  porosity  within  the  limits  of  the  proposed  specifications  did  not 
significantly  reduce  fatigue  endurance 
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• Surface  porosity  considerably  reduced  fatigue  endurance.  Depth  of 
porosity  was  found  to  affect  the  extent  of  such  reduction. 

• Double-line  radiographic  indications  were  associated  with  massive 
porosity  which  is  rejectable  in  terms  of  the  proposed  specifications. 
Specimens  exhibiting  these  indications  had  low  fatigue  endurance. 

• Fatigue  endurance  of  weldments  containing  porosity  greater  than  0. 010 
inch  in  diameter  exhibited  a pronounced  dependence  on  the  location  of 
pores  with  respect  to  the  surface 

- 0.25 -Inch-Thick  PA  Welds 

• Porosity  in  all  weldments  was  located  within  a 0.030-inch-wide  band, 
0.010  to  0.040-inch  from  the  face-side  of  the  surface 

• Close  proximity  of  pores  to  the  surface  significantly  reduces  fatigue 
endurance 

• Specimens  tested  above  the  (maximum)  85-ksf  stress  level  exhibited 
rather  high  fatigue  endurance  despite  the  presence  of  rejectahle  de- 
fects. Specimens  tested  below  the  70-ksi  stress  level,  however,  ex- 
hibited a significant  reduction  in  fatigue  endurance  due  to  the  presence 
cf  rejectable  defects. 

- 0,080-Inch-Thick  GTA  Weids 

• Most  of  the  specimens  containing  internal  porosity  within  the  limits  of 
the  proposed  specifications  exhibited  fatigue  endurance  comparable  to 
that  for  flawless  specimens 

• The  fatigue  endurance  of  specimens  with  rejectable  defects  was  gener- 
ally below  the  Kt  = 2 level  except  for  those  specimens  tested  at  a stress 
level  of  80  ksi  (maximum)  and  above  which  had  moderately  high  fatigue 
endurance  despite  the  presence  of  rejectable  defects. 

• Most  of  the  rejectable  welds  were  rejected  because  of  maximum  pore 
size  limitations. 

- 0.25 -Inch-Thick  GTA  Welds 

• The  fatigue  endurance  of  specimens  with  internal  porosity  acceptable 
in  terms  of  the  proposed  specifications  was  either  within  the  range 
for  flawless  specimens  or  within  12  to  15  ksi  of  the  lower  boundary  of 
the  data  band  for  flawless  welds. 

• Most  of  the  rejectable  specimens  exceeded  the  limits  for  both  maximum, 
linear  porosity  area  and  maximum  size  of  individual  pores 

• Surface  porosity  and  the  presence  of  clusters  did  affect  fatigue  char- 
acteristics. 

- 0.25 -Inch -Thick  GMA  Weldments 

• Correlation  of  fatigue  endurance  of  porosity  containing  weldments  with 
quality,  as  determined  by  the  proposed  acceptance  criteria,  was  not  as 
successful  as  that  for  weldments  produced  by  the  other  fusion  processes. 
Although  most  of  the  fatigue  data  for  specimens  having  acceptable  qual- 
ity In  terms  of  the  proposed  specifications  was  in  close  proximity  to 

the  data  band  for  flawless  specimens,  some  of  the  data  points  fell  in 
the  middle  of  the  - 2 to  Kj  = 3 range  for  the  base-metal.  Fractog- 
raphy  indicated  that  the  lower  fatigue  endurance  of  these  specimens 
was  associated  with  either  multiple  failure  initiations  or  linear  porosity 
clusters. 
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• Specimens  with  rejectable  defects  exhibited  consistently  low  fatigue 
endurance. 

B.  RECOMMENDATIONS 

• Acceptance  criteria  for  titanium  fusion  welds  could  be  relaxed  when  pro- 
duction-nondestructive-inspection-techniques capable  of  determining  the 
precise  locations  of  defects  with  respect  to  weldment  surfaces  are  devel- 
oped. Ultrasonic  surface  scanning  methods  now  under  development 
might  be  potentially  useful  for  this  application. 

• Mathematical  relationships  between  fatigue  endurance  and  the  size  and 
location  of  defects  in  critical  subsurface  layers  should  be  developed.  Data 
on  the  initiation  and  propagation  of  internal  failures  should  be  generated  to 

: facilitate  the  use  of  fracture  mechanics  analytical  techniques  that  would  be 

required  to  develop  these  relationships.  Acoustic  emission  monitoring  of 
fatigue  test  specimens  by  recently  developed  techniques  could  be  used  to 
generate  such  data . 

• Considerably  more  fatigue  data  should  be  generated  to  permit  statistical 
analysis  of  test  results,  especially  those  in  the  marginal  quality  range  as 
determined  by  nondestructive  inspection  techniques. 

• In  future  weld  quality  studies,  defect-generation  methods  based  on  inten- 
tional variation  of  processing  parameters  should  be  supplemented  by  other 
techniques  when  precise  reproducibility  of  defect  locations  is  required  for 
statistical  evaluations. 
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Figure  A-2.  Identification  and  Test  Report  on  0.25-Inch-Thick  Ti-6AI-4V  STOA  Plate  (First  Shipment) 
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Figure  A-3.  Identification  Date  and  Teat  Report  on  0*2S-lnch-Thlck  T1-6AI-4V  STOA  Plata  (Second 
Shipment) 
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Figure  A-4.  Identification  Date  and  Tait  Report  on  1 '^Inch-Thick  Ti-6AMV  STOA  Plate 
(Sheet  1 of  21 
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Figure  A -4.  Idantiffeation  Data  and  Tatt  Report  on  IVInch-Thfck  Ti-6AJ-4V  STOA  Plata 
(Sitaat2of  2) 
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Figure  A-6.  Identification  Data  and  Tact  Report  on  1)4- Inch-Thick  T»-6AI-4V  STOA  Plata 
(Sheet  1 of  2) 
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Table  A-1.  Phase  1 — 0.250-Inch-Thick  Electron  Beam  Welding  (Sheet  1 of  5) 
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TAi«  A-2.  Phase  1 - 0.090-1  nch-Thtck  Electron  Beam  Welding 
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OJSCModhThkJi  Htsmt-Arc  Welding  (Sheet  1 of  3) 
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Tafef*  A-7.  Phm  1 - 0-2S01nch-Thtck  Plavma-Arc  Welding  - NDI  Summary  (Sheet  1 of  5) 
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Table  A-7.  Phase  1 - 0.250-Inch-Thick  Plasma-Arc  Welding  - NDI  Summary  (Sheet  2 of  5) 
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Table  A-7.  Phase  1 - 0.250-Inch-Thick  Plasma-Arc  Welding  - NDI  Summary  (Sheet  5 of  5) 


Table  A-8.  Phase  1 — 0.090-Inch-Thick  Gas-Tungsten-Arc  Welding  — NDI  Summary  (Sheet  1 of  3) 


Table  A-8.  Phase  1 — 0.090-Inch-Thick  Gas-Tungsten- Arc  Welding  — NDI  Summary  (Sheet  2 of  3) 


Table  A-9.  Fatigue  Properties  of  the  Base  Metal 


Thickness 

Spec  No. 

H 

CPM 

Max  Stress,  KSI 
[R  ■ .1] 

Cycles 

.080  In. 

200-1-1 

1 

1800 

115 

80,000 

.080  In. 

200-1-4 

1 

1800 

100 

6,630,000  (NF) 

.080  In. 

200-1 -4R 

1 

1800 

130 

35,000 

.080  In. 

200-1-8 

1 

1800 

107.5 

5,090,000  (NF) 

.080  In. 

200-1-2 

1 

1800 

100 

74,000 

.080  In. 

200-1-5 

1 

1800 

110 

70,000 

.080  In. 

200-1-7 

1 

1800 

110 

47,000 

.080  In. 

200-1-3 

1 

1800 

130 

30,000 

.080  In. 

200-1-6 

1 

1800 

110 

58,000 

.080  In. 

200-1-9 

1 

1800 

100 

466,000 

.080  In. 

200-1-10 

1 

1800 

90 

648,000 

.080  In. 

200-1-11 

1 

1800 

100 

8,855,000  (NF) 

.080  In. 

200-1-12 

1 

1800 

120 

46,000 

.080  In. 

200-1-13 

1 

1800 

110 

66,000 

.080  In. 

200-1-14 

1 

1800 

100 

84,000 

.080  In. 

200-1-16 

1 

1800 

90 

5,101,000  (NF) 

.080  In. 

20M-17 

1 

1800 

100 

187,000 

.080  In. 

2001-18 

1 

1800 

95 

5,115,000 

.080  In. 

2G0-1-18R 

1 

1800 

130 

37,000 

.080  In. 

200-1-15 

1 

20 

140 

2,956 

.080  In. 

200-1-19 

1 

20 

135 

13,371 

.080  In. 

200-1-20 

1 

20 

130 

13,180 

.080  In. 

200-1-21 

1 

20 

140 

7,423 

.080  In. 

199-1-11-1 

2.1 

1800 

65 

812,000 

Center 

Notch 

.080  In. 

199-1-11-2 

1800 

80 

39,000 

.080  In. 

199-1-11-3 

1800 

70 

291,000 

.080  In. 

199-1-11-4 

1800 

60 

1,672,000 

.080  In. 

199-1-11-5 

1800 

56 

5.025,000  (NF) 

.080  In. 

199-1-1 1-5R 

1800 

100 

12,000 

.080  in. 

199-1-1 1-8 

1800 

70 

63,000 

.080  In. 

199-1-11-7 

1800 

80 

60,000 

.080  In. 

199-1-11-8 

1800 

57,5 

674,000 

.080  In. 

199-1-11-9 

1800 

70 

773,000 

.080  In. 

199-1-1 1-1RT 

1800 

80 

35,000 

.080  In. 

199-1-1 1-2RT 

1800 

70 

383,000 

.080  In. 

199-1-1 1-3RT 

1800 

60 

1,366,000 

.080  In. 

199-1-11-4RT 

1800 

70 

203,000 

.080  In. 

198-1-17-1RT 

3.0 

1800 

46 

426,000 

Edge 

Notch 

.080  In. 

198-1-17-2RT 

1800 

65 

15,000 

.080  In. 

198-1-17-3RT 

1800 

50 

82,000 

.080  In. 

198-1-17-4RT 

1800 

40 

169,000 

.080  In. 

198-M7-6RT 

1800 

50 

33,000 

.080  In. 

198-M7-6RT 

1800 

30 

6,910,000  (NF) 

.080  In. 

198M7-6RT-R 

1800 

70 

10,000 

.080  In. 

198-1-17-7RT 

1800 

40 

1,361,000 

.080  In. 

198-1-17-8RT 

1800 

65 

16,000 

Note:  NF  - No  Failure 


Table  B-1.  Fatigue  Endurance  of  Flawless  0.060-inch-Thick  GTA  Welds 


Spec.  No. 

Fatigue  Endurance 
(1800  cpm  Unless 
Otherwise  Indicated), 
cy-ksi 

Fractographic  Findings 

1-4 

61,000-100 

Surface  Failure  Initiation  - No  Porosity 

6-1 

65,000-100 

Surface  Failure  Initiation  - No  Porosity 

6-2 

7.680.000- 90 

22.000- 120 

Surface  Failure  Initiation  - No  Porosity 

6-3 

10,000-120 

Surface  Failure  Initiation  - No  Porosity 

64 

27,000-96 

Surface  Failure  Initiation  - No  Porosity 

7-1 

20,000-110 

Surface  Failure  Initiation  - No  Porosity 

7-2 

86,000-90 

Surface  Failure  Initiation  - No  Porosity 

8-2 

46,000-100 

Surface  Failure  Initiation  - No  Porosity 

6-1 

17,613-120  (20  cpm) 

Bate  Metal  Initiation 

8-2 

21,158-1 10  (20  cpm) 

Base  Metal  Initiation 

8-3 

6.197-130  (20  cpm) 

Bate  Metal  Initiation 

197  ‘(L 


TabU  B-2.  Fatigua  Enduranea  Fractographk  Characteristics  of  FfawUaa  OJMnch-Ihlek  QTA  WaMments 


Spae.  No. 

Fatigua  Enduranea 

Fraetearaabie  Finriinat 

cpm 

Cycle* 

Max  Street, 
ksi 

1-2 

1800 

6,036,000 

60* 

10,000 

140 

Failure  init.  at  Surface.  No  Porosity. 

2-3 

1800 

70 

Failure  in  the  Grip  Sect.  Disregard 

4-2 

1800 

3,210,000 

80 

Failure  Init.  in  Bata  Metal 

7-1 

1800 

1,083,000 

80 

Failure  Init.  at  Sfce.  (Root) 

7-3 

1800 

2,797,000 

60 

Failure  at  .004*'  Pore,  .080"  From  Sfce. 

74 

1800 

5,031,000 

50* 

21,000 

130 

Failure  Init.  in  Bate  Metal 

3-1 

1800 

38,000 

110 

Failure  Init.  in  Bata  Metal 

33 

1800 

86,000 

90 

Failure  Init.  in  Bate  Metal 

3-3 

1800 

737,000 

80 

Failure  Init.  in  Bate  Metal 

34 

1800 

359.000 

70 

Failure  at  .004",  ,10"  From  Sfce. 

2-1 

20 

10,234 

130 

Failure  Init.  in  Bate  Metal 

2-2 

■ 

7,404 

136 

Failure  Init.  at  Sfce.  (Face) 

24 

- 

- 

Inadrert,  Overload.  Disregard 

4-1 

KB 

15,420 

120 

Failure  Init  at  Sfce  (Root) 

I 

i' 


i 


Tabte  B-3.  of^rMtt  Radiography,  Fatigue  Endurance  and  Fractography  Data  on  Porous  0.080-lnch 


Spec  No. 

RT  Results 

Fatigue  Endurance  (1800 
cpm  Unleu  Otherwise 
Indicated),  cy*ksi 

Fractography  (Failure  Initiation) 

2-2 

.01 5"*.020"  Pores 

81,000-60 

Failure  Init.  at  .020"  Pore.  .020" 
From  Sfce. 

2*3 

.013.036"  Pores 

6,181,00345* 

5,000-110 

Feilure  Init  et  .030"  Pore,  .004" 
From  Surface 

3-1 

.023.030"  Pores 

50.000-80 

Fell.  Init.  at  .015"  Pore.  .020" 
From  Surface. 

3-2 

,010"  Porosity 

*14,000-70 

Fail.  init.  at  .010"  Pore.  .015" 
From  Surface. 

33 

.010"  to. 036"  POres 

33.000-60 

Partially  Machined  Contour  of 
.030"  Pore  at  Sfce.  Init.  Site 

34 

.010"  to  .030”  Pores 

485.000-60 

•nit.  et  B30"  Pore.  .02"  From  Sfce. 

4*1 

.006"  to  .030"  Scat.  Por. 

45,000-70 

Mult.  Init.  at  .020"  end  .030"  Die. 
Pores,  .025"  From  Surface 

42 

.006"  to  .025"  Pores 

1.811.000-60 

Muitlp.  Init,  et  .010"  and  025" 
Pores 

42 

.006"  to  .028"  Scat.  Por. 

6.104.000- 45* 

28.000- 100 

Primary  Init.  et  .010“  Pore,  B20" 
From  Surface 

33 

.016"  to  .030"  Pores 

54,000-80 

Mult.  Init.  at  .010"  Pores 

31 

Scat.  Por.  B16"B25" 

47.000-70 

Prim.  Init.  at  020"  Pore.  .030" 
From  Surface 

32 

Scat.  Por.  .015". 026" 

86.000-60 

Mult.  Init.  at  .015"  Pores,  .035" 
From  Surface 

42 

Scat.  Por.016"  .026" 

3.068,000-40 

Mult.  Init.  Sites,  at  .010"  » .015“ 
Pores 

34 

Scat.  Por.  .01  S'*. 026" 

5.005.000- 35* 

11.000- 100 

Mult.  Init.  at  .015"  . 020"  Pores 

72 

6"  to  .035"  Pores 

32,000  60 

Init.  et  .030"  Pore.  B20"  From  Sfce. 

74 

BIO"  to  4)25"  Bores 

12.307.000- 40* 

18.000- 90 

Multiple  Init.  et  .020"  and  ,025" 
Po*w 

31 

Seat.  Por.  • .016"  Ave. 

727,000-50 

Init.  at  ,012“  Port  at  Edge  Subtle*. 

32 

Scat.  Por.  ■ .01 5". 035" 

2.526,000-45 

Init.  at  015"  Pore.  .020"  From  Sfce. 

32 

Scat.  Por  .BIO"  .030“ 

28.000-80 

Mult,  Init.  at  BIO"  to  .030”  Pom 

99 


Tablt  B-4.  Results  of  Radiognphie  Evaluations,  Fatigue  Tests  and  Fractographic  Findings  on  0.25-Inch-Thick  GTA 
Welds  Containing  Porosity  (Shaat  1 of  2) 


Spec  No. 

RT 

Fatigue 

Endurance, 

cy-ksi 

Fractography  (Failure  Initiation) 

1-2 

Pbres,  .005"*  .010" 

35,632-90 

Base  Metal  Initiation 

1*3 

Pores,  .010"-.026" 

5,357-100 

2 Init.  Sites  at  Internal  Porosity.  Primary  • 
012"  Pore,  .030"  From  Surface 

3-1 

Scat.  For.,  .010"-.Q35" 

115.000-60 

(2)  .015"  Pores.  .050"  Apert.  .020"  From 
Surface 

3-2 

Scat.  Per.,  .010  .035" 

30,000-80 

Mult.  Initiation:  .010"  to  .030"  Pores,  All 
Interior 

33 

Scat.  Por.  .010-.035" 

463,000-40 

Mult.  Init.  at  ,010"-.020"  Pores  and  (4)  Pore 
Cluster  • .015"  to  .020" 

34 

Scat.  Por.  .010"  .035" 

4,704.000-30 

(2)  • .020"  Pores,  .010“  Apart,  .040"  From 
Surface 

5-2 

Scat.  Por.,  ,010"-.035“ 

5,910-90 

Mult.  Init.  Primary  - .025"  Pore.  .075" 
From  Surface 

6-3 

Scat.  Por..  .010"  .035" 

7,233-80 

Mult.  Init. at  025“  030" Pores 

54 

Scat.  Por..  .010"  .035" 

6.459-75 

Mutt.  init.  Sites  • .010"  to  .030"  Pores 

31 

Scat.  Por..  .005"*  .020" 

73,000-70 

Mult.  Init.  at  .010"  to  015"  Pores 

32 

Scat.  Por..  .005"  .025" 

13,000-90 

Mult.  Init. at  ,020".Q25“ Pores 

33 

Same 

104.000-50 

Mult,  Init.  at  ,020"- .025“  Pores 

34 

Same 

84,000-40 

12)  O28“O30“  Port  Cluster,  .006"  From 
Surface 

7-1 

light  Scat.  Por.. 
.005"  020" 

198,000-50 

Init.  at  .016"  Surface  Pore 

7-2 

light  Scat.  For.. 
.010"  026" 

166.000-40 

Ouster  of  (4)  Port*  ,020"*.030".  .030“  From 
Surface 

7*3 

Scat.  Por.,  .010"  .026“ 

5.010,000*30* 

11.000-90 

Mult.  init.  Sites  at  020“  .025“  Pores 

74 

light  Scat,  Por  .. 
.005“  .020“ 

35.000-70 

Mult.  Init.  at  015”  Pores 

31 

Seat,  Per..  00S“*O25“ 

146,000-60 

Mult.  Init.  at  010“  .020“  Pores 

32 

Scat.  Por..  .005“  ,025“ 

6.929,00040* 

17,000-100 

Mult,  Init,  at  .010"  . 020“  Pores 

•4 

Seat.  Por„  .005“  .010“ 

240.000-60 

Init.  at  .010“  Sfee.  Pore 

•4 

Scat-  For.,  .005“  .010“ 

10.00040 

Mult.  Init.  at  010“  ,025“  Pores 

31 

light  Scat.  Por., 

4.950-90  (20  cpm) 

(2)  015“  .020“  Pore  Ouster,  001“  Apart. 
.020"  From  Surface 

131 

Scat.  Por..  .010"  .030  * 

47,000-70 

fnit.  at  020“  Surface  Pores 

132 

Scat.  Per..  .010“  .030“ 

267,000-40 

Init.  at  ,040“  Pore.  ,020“  From  Surface 

133 

Scat.  Per..  .010“  .030' 

601,000-30 

(2)  015“  .020“  Pore  Ouster  at  the  Surface 

134 

Seat.  Por.,  .010”  030“ 

5.009.000  20* 
11.000-90 

(31  Sfce.  Initiations  at  .025“  030“  Die 
Pares 

11*1 

light  Scat.  Per., 
010”025“ 

276,000-60 

Mult.  Init.  Sites  at  0l5'*02$”  Pores 

11*2 

light  Scat.  Por,. 
010”  .025” 

31,000-66 

Init.  at  an  Isolated  020“  Pore  Approx.  .001“ 
From  Surface 

114 

light  Scat.  Por.. 
010  .025” 

97.000-50 

Init.  at  020“  Surface  Pore 

No  Failure 


200 


Table  B-5.  Results  of  Pretest  RT,  Fatigue  Tests,  and  Fractographic  Evaluation  of  0.080-and  0 .25-Inch-Thick 
GTA  Welds  Containing  Tungsten  Inclusions  (Sheet  1 of  2) 


Spec,  No. 

Pretest  RT 

Fatigue 

Endurance,  cy-ksi 

Fractography 

0.080"  Welds 

4-1 

High-Dens  Inclusion 
.080"  x .060" 

273,000-40 

Inclusion  Extending  Throughout 
Thkn.  Failure  Init.  at  Incl./Surface 
Interface 

4-2 

High-Dens  Inclusion 
.050"  x .055" 

5,030,000-30* 
50,000  -60 

Same 

4-3 

High-Dens  Inclusion 
.075"  x .050" 

19,000-50 

Inclusion  From  Surface  to  ~ 4/3" 
of  Thickness  Failure  Init.  at  W-Ti 
Interface 

5-2 

High-Dens.  Inclusions 
.150"  x .100",  3/8" 
Apart 

25,000-50 

Same 

5-3 

High-Dens.  Inclusion 
.115"x  .075" 

1,000-100 

Inclusion  Extending  Throughout 
Thkn.  Failure  Init.  at  Ti-W  Interface 

6-1 

High-Dens.  Inclusion 
.100"  x .050" 

9.735.000- 50* 

10.000- 105 

Failure  Initiation  at  Internal 
Inclusions 

6-3 

High-Dens.  Inclusion 
.075"  x .060" 

5.028.000- 70* 

3.000- 120 

Failure  Initiation  at  Internal 
Inclusion 

6-2 

High-Dens  Inclusion 
.025"  x. 01 5" 

373,000-90  1 

Same 

0.25"  Welds 
(No  Machining) 

1-1 

High-Dens.  Inclusions 
(1)  .035  x .100"  and 
(1)  .075"  (Dia) 

32,000-50 

Root  Failure  Initiation 
No  Inclusions 

1-2 

High-Dens.  Inclusions 
(1)  .075"  x .075" 

(1)  .100"  x .075" 

(1)  .126"  Dia. 

5.003.000- 40* 

20.000- 70  i 

Same 

1-3 

High-Dens.  Inclusion 
.075"  x .050 

121,000-45 

Same 

*No  Failure 


Table  B-6.  Rasutti  of  Pntast  RT,  Fatigue  Tests,  end  Fractographie  Evaluations  of  0.060-and  0.25-Inch-Thick 
6TA  Welds  Containing  Tungsten  inclusions  (Sheet  2 of  2) 


Spec.  No. 

RT  Results 

Fet.  Endurance  (1800 
cpm  Unless  Otherwise 
indicated),  ey/ksi 

Fractography  (Failure  Initiation) 

9-3 

Scat.  .010-.030"  Pores 

28.000-60 

(2)  Pore  Cluster  (.030"  and 
.008"),  .015"  From  Surface 

94 

.01 5-.Q25"  Pores 

165.000-40 

(2)  Pore  Cluster  (.020"  and 
.015"),  .020"  From  Surface 

10-1 

.010"-.020"  Pores 

58.000-70 

Large  (Over  .020")  Pore,  .010" 
From  Surface 

10-2 

.010"  to  .020"  Pores 

4,743-50 

Mult.  Init.  at  .025"  Pores 

10-3 

.010-.015"  Pores 

149,000-60 

Init.  at  .010"  Pore,  .030"  From 
Surface 

104 

.010"-.040"  Pores 

7.410.000- 40* 

24.000- 90 

.025"  Pore,  .012"  From  Surface 

1-3 

.01 5"- .030"  Pores 

3,448-90  (20  cpm ) 

(2)  Pore  Cluster  - .015"  and 
.007"  Pores  - .002"  Apart 

5-1 

.005"  to  .025"  Pores 

18.936-100  (20  cpm) 

.008"  Pore,  .030"  From  Surface 

7-1 

.010"  to  .025"  Pores 

9,032-90  (20  cpm) 

.030"  Pore,  .015"  From  Surface 

7-3 

.010"  to  .025"  Pores 

5,771-85  (20  cpm) 

Part.  Machined  Contour  of  .030" 
Dia.  Pore  on  Surface 

8-3 

.010"  to  .030"  Pores 

4,604-90  (20  cpm) 

Mult.  Init.  at  .035"  and  .012" 
Pores 

84 

.010"  to  .025"  Pores 

14,032-75  (20  cpm) 

Mult.  Init.  at  .025"  and  .030" 
Pores 

9-1 

.010"  to  .025"  Pores 

1-9,462-80  (20  cpm) 

Mult.  Init.  at  .009"  to  .012" 
Pores 

FI-1 

.005”  to  .010"  Pores 

7,000-120 

.001"-.004"  Porosity 

FI-3 

.015"  to  .025" 

59,000-80 

.020"  Pore,  .025  From  Surface 

F74 

.005"  Porosity 

1,283,000-80  - 

.006"  Pore,  .020"  From  Surface 

F7-3 

.010"  Porosity 

7.640.000- 70* 

29.000- 110 

Surface  Init.  - No  Pores 

F8-1 

(1)  .010"  Pore 

2,533,000-70 

Isolated  .010"  Pore,  .026  From 
Surface 

F8-3 

.010"  Pore 

10,000,000-60* 

30,000-110 

Surface  Init.  - No  Porosity 

F84 

.010"  Porosity 

336,000-80 

.010"  Pore,  .025"  From  Surface 

F94 

.005"  Porosity 

17,613-120 

.005"  Pore,  .003"  From  Surface 

*No  Failure 


Tabic  B-8.  Data  on  Fatigue  Endurance  and  Fracture  Characteristics  of  flawless 
0.080-1 nch-Thick  EB  Wslds 


Spec. 

No. 

Fatigue  Endurance 

Fractographic  Findings 

1-1 

61,000  Cy  at  105  ksi 

0.002"  Isolated  Pore  at  Initiation  Site 

1-3 

7.538.000  Cy  at  80  ksi,  N.F. 

20.000  Cy  at  130  ksi 

Base  Metal  Failure 

2*1 

50,000  Cy  at  115  ksi 

Sfce.  Initiation  — No  Pores 

2-2 

5.083.000  Cy  at  85  ksi,  N.F. 

9.000  Cy  at  140  ksi 

Base  Metal  Failure 

2-3 

682,000  Cy  at  90  ksi 

0.001"  Isolated  Pore  at  Initiation  Site 

24 

43.000  Cy  at  100  ksi 

Corner  initiation  Site  - No  Porosity 

3-1 

739,000  Cy  at  100  ksi 

0.003"  Isolated  Pore  at  Init.  Site 

3-2 

41,000  Cy  at  115  ksi 

Base  Metal  Failure 

3-3 

568,000  Cy  at  105  ksi 

Base  Metal  Failure 

34 

2,650,000  Cy  at  95  ksi 

0.001"  Isolated  Pore  at  Init.  Site 

10-1 F 

95,000  Cy  at  90  ksi 

Corner  Initiation  - No  Pores 

5-1 

4,744  Cy  at  140  ksi 

0.002"  Isolated  Pore  at  Init.  Site 

5-2 

3,900  Cy  at  140  ksi 

Base  Metal  Failure 

5-3 

10,000  Cy  at  130  ksi 

Two  - 0.001 " Pores  at  Initiation  Sites 

54 

13,800  Cy  at  130  ksi 

0.001 " Isolated  Pore  at  Init.  Site 

204 


Table  6-6;.  Data  on  Processing  Parameters,  Geometric  Configuration,  Fatigue 
Properties  and  Fractographic  Findings  on  0.25-Inch-Thick  EB 
Weldments  with  Intentional  Underfills 


Underfill 

Configuration 

Fatigue  Endurance 
(a)  — 1800  cpm 

Spec 

No. 

Joint 
Gap,  In. 

RT 

Dt 

In. 

|| 

W/D 

Ratio 

(b)  - 20  cpm 
Cycle$/k$i 

Fractographic 

Findings 

21 

0.01 

Underfill 

.140 

, .02 

7 

(a)  7,000/80 

Sfce.  Init.  at  UF 

2-2 

Same 

Same 

.130 

.01 

13 

(a)  14,000/60 

Same 

2-3 

Same 

Same 

.130 

.02 

6.5 

<a)  84,000/40 

Same 

2-4 

Same 

Same 

.140 

.02 

7 

(a)  5,073,000/30 
NF 

14,000/70 

Same 

9-1 

0.025 

Underfill 

.17 

.014 

12 

<b)  12,030/70 

Root  Initiation 

9-2 

Same 

Underfill 

.15 

.015 

10 

(b)  12,535/60 

Sfce  Init.  at  UF 

9-3 

Same 

Underfill 

.13 

.050 

2.6 

(b)  18.994/60 

Same 

94 

Same 

Underfill 

.13 

.045 

2.9 

(b)  5,125/65 

Same 

10-1 

0.040 

Same 

.13 

.035 

3.7 

(a)  7,702,000/40 
10,000/70 

Same 

Same 

Same 

.13 

.040 

3.3 

(a)  12,000/60 

Same 

Same 

Same 

.12 

.050 

2 .4 

(a)  22,000/40 

Same 

104 

Same 

Same 

.10 

.100 

1 

(b)  5,052/25 

Same 

11-1 

Same 

Same 

.090 

.065 

1.4 

(a)  6,087,000/15 
(a)  14,000/30  NF 

Same 

Same 

11-2 

Same 

Same 

.11 

.075 

1.6 

(a)  14.000/30 

Same 

11-3 

Same 

Same 

.12 

.085 

1.4 

(a)  32,000/20 

Same 

114 

Same 

Same 

.10 

.095 

1.05 

(a)  12,786,006/10 
NF 

4,000/30 

Same 

12-1 

.030 

Same 

.14 

.020 

7 

(b)  32,000/60 

Root  Initiation 

12-2 

Same 

Same 

.14 

.040 

3.5 

(b)  22,178/65 

Sfce  Init.  at  UF 

12-3 

Same 

Same 

.13 

.050 

2.4 

(a)  5,046,000/25 
‘NF 

11,000/60 

Same 

Table  B-7.  Data  on  Fatigue  Endurance  Characteristics  of  Flawless  0.26-Inch-Thick  EB  Welds 


Spec. 

No. 

Fatigue  Endurance 

(1800  cpm  Unless  Otherwise 

Indicated) 

Fractographic  Findings 
(Failure  Initiation) 

1-1 

8,200  Cy  at  140  ksi  [20  cpm) 

Base  Metal  Failure 

1-2 

9,700  Cy  at  140  ksi  [20  cpm) 

An  Isolated  0.004"  Pore,  0.025"  From  the  Surface 

2-1 

738,000  Cy  at  80  ksi 

0.004"  Pore  Adjacent  to  0.002"  Pore  at  the  Mid-Thkn. 

2-2 

29,000  Cy  at  120  ksi 

Base  Metal  Failure 

2-3 

2.-341,000  at  75  ksi 

.002"  Pore,  0.070"  From  Surface 

24 

7.665.000  Cy  at  70  ksi  N.F. 

12.000  Cy  at  140  ksi 

Base  Metal  Failure 

3-1 

56,000  Cy  at  100  ksi 

Base  Metal  Failure 

3-2 

41 1,000  Cy  at  85  ksi 

(2)  .001 " Pores  - 0.075"  From  the  Surface 

3-3 

141,000  Cy  at  85  ksi 

(3)  .001"  Pores  [Cluster]  .004"  From  the  Surface 

34 

1,863,000  Cy  at  70  ksi 

(1)  .003"  Pore,  0.100"  From  the  Surface 

4-1 

38,000  Cy  at  100  ksi 

Two  Subsurface  Initiation  Sites  at  0.002"  Pores 

4-2 

56,000  Cy  at  75  ksi 

0.001 " Porosity  Throughout 

4-3 

8,500  Cy  at  125  ksi 

A Linear  Porosity  Cluster  at  Subsurface  Consisting  of 
(2)  .002"  and  (4)  .001"  Dia.  Pores 

44 

354,000  Cy  at  75  ksi 

(1)  .002"  Pore  - .004"  Away  from  the  Edge 

Tibia  B-8.  Detailed  Data  on  Processing  and  Evaluation  of  Porosity-Containing 
0.080-Inch-Thick  EB  Weldments  (Sheet  1 of  3) 


Spec.  No. 

Contamination 

Method 

RT  Results 

Fatigue 

Endurance 

Fractographic 

Findings 

1-1 

Cutting  Oil 

Extensive  Scattered 
Porosity  (Ave  Size  0.005" 
dia]  (1)  Pore -.010"  dia 

15,000  Cy  at 
110  ksi 
1800 cpm 

Multiple  Initiation  Sites 
Extensive  Concentration 
of  Fine  (.001  "-.005")  Poro- 
sity in  the  Face-Side 
of  the  Weld 

1-2 

Cutting  Oil 

Minor  Scattering  of 
Pores  [Ave  Size  = .003"] 

15,500  Cy  at 
115  ksi 
20  cpm 

Multiple  Init.  Sites 
Scattered  .001  "-.003" 
Porosity 

1-3 

Cutting  Oil 

Minor  Scattering  of 
Pores  [Ave  Size  -.005") 

23,250  Cy 
at  1 1 5 ksi 
20  cpm 

Init.  Site  at  a Cluster 
of  (3)  .001"  Pores  - 
.003"  From  the  Surface 

2-1 

Cutting  Oil 

Extensive  Double-Line 
Porosity,  .005"-.010" 

13, COO  Cy  at 
100  ksi 
1800 cpm 

No  Definite  Init  Site. 
Extensive  Concentr.  of 
Fine  [.001  "-.002"]  Poro- 
site  in  the  Face  Side 
and  Coarser  (.003"- 
.004"]  Porosity  at  the 
Root  Side 

2-2 

Cutting  Oil 

Same 

31 ,000  Cy  at 
85  ksi 
1800 cpm 

Same  as  2-1 

2-3 

Cutting  Oil 

Double  Line  Porosity  (.003"- 
.007"]  (1)  Pore -.010" 

(2)  Voids  -.030'' 

18,600  at 
105  ksi 
20  cpm 

Same  as  2-1 
Multiple  Initiation 
Sites 

24 

Cutting  Oil 

Double  Line  Porosity  [.003"- 
.007"]  (1)  Pore -.010” 

(2)  Voids  -.030" 

98,000  Cy 
at  70  ksi 
1800  cpm 

Same  as  2-1 

4-1 

Cutting  Oil 

Linear  Porosity  [Ave.  Size 
.005"] 

248,000  Cy 
at  60  ksi 
1800  cpm 

Extensive  Concentr. 
of  Fine  (.001.003") 
Porosity  in  the  Face- 
side  by  the  Weld. 
Initiation  Site  at 
.002"  Pore  • .004" 
from  the  Surface. 

4-2 

Cutting  Oil 

Same 

362,000  Cy 
at  55  ksi 
1800  cpm 

Init.  Site  at  .003" 
Pore,  .004"  From  the 
Surface.  Extensive 
Concentration  of 
Fine  [.001 -.003"] 
Porosity  In  the  Face 
Side.  .001  "-.004" 
Isolated  Porosity 
Elsewhere. 

4-3 

Cutting  Oil 

Extensive  Linear  Porosity 
(.005"  Ave] 

25,000  Cyst 
95  ksi 
1800  cpm 

Extensive  Concentr. 
of  Fine  Porosity 
in  the  Face-Side. 
(.001  "-.003") 
Isolated  .004"-.006" 
Pores  at  Root  Side. 

5-1 

Grit  Blasting 
Both  Edges 
with  Afi^Oj 

Scattered  Porosity  [.005"- 
.010"] 

39,000  at 
100  ksi 
20  cpm 

Init.  Site  at  .008" 
Pore,  .020"  From 
the  Surface 

54 

Same 

Minor  Scattered 
Porosity  [.003"  Ave] 

53,000  Cy  at 
100  ksi 

2h  cpm 

Init.  Site  at  .003" 
Pore,  .008"  from  the 
Surface 
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Table  B-8.  Detailed  Data  on  Processing  and  Evaluation  of  Porosity-Containing 
0.080-Inch-Thick  EB  Weldments  (Continued)  (Sheet  2 of  3) 


Spec.  No. 

Contamination 

Method 

RT  Results 

Fatigue 

Endurance 

Fractographic 

Findings 

6-1 

Same 

Scattered  Porosity  - 
.005"  Ave. 

500.000  Cy 
at  45  ksi 
N.F. 

32.000  Cy 
at  105  ksi 
1800  cpm 

Multiple  Initiat. 
Sites.  Primary 
Init.  Site  - .002" 
Dia,  .002"  From 
Surface 

6-2 

Same 

Same 

5.013.000  Cy 
at  50  ksi 
N.F. 

27.000  Cy 
at  105  ksi 
1800  cpm 

Init  Site  at  (3) 
,003"  Pores,  .020" 
From  the  Surface 

6-3 

Same 

Same 

5.078.000  Cy 
at  55  ksi 
N.F. 

12.000  Cy 
at  130  ksi 
1800  cpm 

Multiple  Init.  Sites 

64 

Grit  Blasting 
Both  Edges 
With  AIj03 

Minor  Scattered  Porosity 
(.005"  Dia.  Ave.) 

228,000  Cy 
at  65  ksi 
1800  cpm 

Init.  Site  at  .002" 
Pore  at  the  Surface 

7-1 

Same 

Same 

62,000  Cy 
at  100  ksi 
1800 cpm 

Init.  Site  at  .002" 
Pore  at  the  Surface 

7-2 

Same 

Same 

102,000  Cy 
65  ksi 
1800 cpm 

(2)  Init.  Sites -One at  .002" 
From  the  Sfce  One  .004" 
From  the  First  Pore,  .001" 
From  the  Surface 

7-3 

Same 

Extensive  Scattered  Porosity 
(.005"  Ave.) 

4,800  Cy  at 
130  ksi 
20  cpm 

Multiple  Init.  Sites,  Scattered 
•002"-.005"  Pores 

74 

Same 

Minor  Scattered  Porosity 
(.005"  Ave,) 

5,000,000  Cy 
at  60  ksi  N.F. 
17,000  Cyat 
130  ksi 
1800 cpm 

Init.  Site  at  .003"  Pore  at 
the  Surface 

8-1 

Same 

Same 

67,000  Cy  at 
95  ksi 
1800  cpm 

Init.  Site  at  .002"  Pore  at 
the  Sfce  Other  .002"  Pores 
in  the  Interior 

8-2 

Same 

Minor  Scattered  Porosity 
(.003"  to  .007"  Rangel 

367,000 
at  60  ksi 
1800  cpm 

.004"  Pore  .006"  From  the 
corner 

8-3 

Same 

Very  Minor  Scattered 
Porosity  (.005"  Ave.) 

18,600  Cy 
120  ksi 
20  cpm 

Multiple  initiation  Sites. 

10-1 

Same 

Widely  Scattered  .005" 
Porosity 

283,000  Cy 
at  70  ksi 
1800  cpm 

A Collapsed  .004"  Pore  at 
the  Edge.  Other  .001" 
.004”  Pores  in  the  Interior 

10-2 

Same 

Scattered  Porosity,  .003" 
to  .007" 

67,000  Cy 
at  86  ksi 
1800  cpm 

A Cluster  of  (3)  .002"  Pores 
at  the  Surface.  Other  .003"  to 
.006"  Pores  In  the  interior 

12-1 

Same 

Several  .005"  Pores 

101 ,000  Cyat 
100  ksi 
1800  cpm 

Multiple  Crack  Initiation 
.001"  to  .006"  Pores 
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TabU  B-8.  Datailad  Data  on  Procaasing  and  Evaluation  of  Porosity-Containing , 
0.080-Inch-Thick  EB  Weldments  (Continued)  (Sheet  3 of  3) 


Spec.  No. 

Contamination 

Method 

RT  Results 

Fatigue 

Endurance 

1 

Fractographic 

Findings 

12-2 

Grit  (AIj03  ) 
Blasting  Both 
Faying  Surfaces 

Linear  and  Scattered  .005" 
Porosity 

26,000  Cy  at 
120  ksi 
1800 cpm 

Multiple  Init.  Sites  .001 " to 
.006"  Porosity 

12-3 

Same 

Linear  and  Scattered  Porosity 
(.005"  Ave.] 

7,200  Cy  at 
135  ksi 
20  cpm 

Multiple  Init.  Sites;  Isolated 
.003"  to  .006"  porosity 

13-1 

Same 

Scattered  .005"  Porosity 

73,000  Cy  at 
85  ksi 
1800 cpm 

Primary  Init.  Site  at  .002" 
Pore,  .002"  From  Surface 

13-2 

Same 

Scattered  .006"  Porosity 

1 88,000  Cy  at 
65  ksi 
1800  cpm 

Init.  Site  at  .004"  Pore  at  the 
Corner.  Isolated  .003"-.004" 
Pores  in  Interior 

13-3 

Same 

Same 

1,076,000  Cy 
at  55  ksi 
1800  cpm 

Init.  Site  at  .003"  Oia  Pore 
.002"  From  Surface 

134 

Same 

Linear  Fine  Porosity  and 
Scattered  .006"  Porosity 

7.680.000  Cy 
at  50  ksi  N.F. 

18.000  Cy  at 
120  ksi 
1800  cpm 

Multiple  Init.  Sites.  Primary 
Site  at  .002"  Pore  at  the 
Surface 

Table  B-9.  Datailad  Orta  on  Processing  and  Evaluation  of  Porosity— Containing 
0.26-lnch-Thiek  EB  Waldmants  (Shaat  1 of  3) 


Spao. 

No. 

Contamination 

Method 

RT  Results 

Fatigue 
(1800  cpm) 
Endurance 

Fractographic  Findings 

3-1 

Sand  Blasting 
of  8oth 

Faying  Surfaces 

Linear  Porosity,  .003"  Ave. 

308,000  Cy 
at  80  ksi 

Linear  Porosity,  0.035"  From 
the  Surface  [Face]  Sizes  — 
0.001"  to  0.003".  Internal 
Initiation. 

3-2 

Same 

Scattered  Porosity  - .003" 
Ave. 

62,000  Cy 
at  70  ksi 

Subsurface  Initiation  at  (2)  .003" 
Pores,  Approx  .004"  From  the 
Surface.  Linear  Porosity  [.003" 
Range]  0.020"  From  the  Surface 

3-3F 

Same 

No  Indications 

41,000  Cy 
at  110  ksi 

Base  Metal  Failure 

6-1 

Grit  Blasting 
One  Side 

Linear  Porosity 
.005”  Ave. 

28,000  Cy 
at  105  ksi 

Initiation  at  (2)  .003"  Pores 
Approximately  .004"  From  the 

6-1F 

Same 

No  Indications 

5.030.000  Cy 
at  60  ksi  N.F. 

26.000  Cy 
at  130  ksi 

Base  Metal  Failure 

6-3 

Same 

Linear  Porosity  .006"  Ave. 

5.01 5.000  Cy 
at  50  ksi  N.F. 

52.000  Cy 
at  100  ksi 

Linear  Porosity  (0.002"  to  0.006" 
Range)  Approximately  0.040" 
From  the  Surface  [face]  Internal 
Initiation  at  Porosity  and  External 
Initiation  in  the  Corner 

12-1 

Thin  Layer  of 
Cutting  Oil 

Small  Linear  Indications, 
0.006"  to  0.040"  Long. 
Possible  Missed  Seam 

10,000  Cy 
at  80  ksi 

Initiation  at  Partially  Misaad 

Seam 

12-2 

Same 

Possible  Missed  Seam.  Soma 
Linear  Porosity  0.005"  or 
Leu 

5,000  Cy 
at  60  ksi 

Failure  at  Missed  Seam 

12-3 

Same 

Fine  Linear  Indications. 

Possible  Missed  Seam 

5.041 .000  Cy 
at  40  ksi  N.F. 

68.000  Cy 
at  80  ksi 

Fine  [0.001  "or  Lau]  Porosity 
Throughout  the  Cross-Section. 
No  Missed  Seam 

».1 

Cutting  Oil  Blend 
With  G*1  Pwd 

(21  -.01 6 Pores 
(D-. 026  Pore 

29,000  Cy 
70  ksi 

Initiation  Site  Could  not  be 
Determined  Due  to  Extensive 

21-2 

Same 

Scattered  0.006"  to  0.020" 
Pores 

88,000  Cy 
60  ksi 

Same 

' 21-3 

Seme 

Scattered  CIO"  to  .026" 
Pores 

287,000  Cy 
40  ksi 

initiation  at  a 0,020"  Surface 
Pore.  Other  pores  in  0.005" 
to  0.020"  Range 

26-1 

Grit  Blasting 
and  Cutting  OU 

Double-Row  of  0.006"  to 
0.010”  Porosity 

26,000  Cy 
at  70  ksi 

Massive  Porosity  (0.001  to 
0.007"  Interior  Initiation 

24-2 

Same 

Oouble-Rowof  Fine  Porosity 

48,000  Cy 
at60kfi 

Massive  (0.001  "to  0.004") 
Porosity  Especially  at  the  Root 
Side  of  the  Wald 

244 

Sam* 

Fine  Linear  Porosity  and 
Possible  Lack  of  Fusion 

286,000  Cy 
at  46  ksi 

No  Lack  of  Fusion.  Initiation 
at  0.007"  Surface  Pore 

244 

Same 

(2)  Pores  in  0.020"  to  0.026" 

Range 

649,000  Cy 
at  40  ksi 

Heavy  Concentration  of  Surface 
and  Subsurface  Porosity  in 
.001  "to  003" Range 

Cutting  Oil  with 
6*11  Powder 

Fine  Linear  Porosity  - 0.006" 
Ave.  Visual  Sfce.  indications 

67.000  Cy 
at  70  ksi 

Massive  Porosity  Throughout 
(0.001  "to  0.003"  Range) 
Multiple  Initiation  Sites 
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Table  B-9.  Detailed  Data  on  Promising  and  Evaluation  of  Porosity-Containing 
0.25-Inch-Thick  E8  Weldments  (Continued)  (Sheet  2 of  3) 


Spec. 

No. 

Contamination 

Method 

RT  Results 

Fatigue 
(1800  cpm) 
Endurance 

Fractographic  Findings 

27-2 

Same 

Same 

1 75.000  Cy 
at  50  ksi 

Initiation  at  a Surface  Pore  - 
.007"  Dia. 

27-3 

Same 

Fine  Linear  Porosity 

5.032.000  Cy 
at  40  ksi 

22.000  Cy 
at  100  ksi 

initiation  at  a Surface  Pore, 
Partially  Removed  by  Machining. 
Remaining  Indentation  - .010" 
Dia. 

274 

Same 

Fine  Linear  Porosity  - 0.005" 
Ave. 

431,000  Cy 
at  45  ksi 

A Cluster  of  (3)  .002"  Pores  in 
Close  Proximity  of  the  Surface 
at  the  Initiation  Site 

28-1 

Same 

2 - .020"  Pores 

! 

27,000  Cy 
at  90  ksi 

Initiation  at  0.015"  Isolated 
Pore  Approx.  0.005"  From  the 
Surface 

28-2 

Cutting  Oil  W. 
G-1  Powder 

Fine  Linear  Porosity  and  10 
Scattered  Pores  (0.020"  to 
0.025"! 

1,176,000 
at  45  ksi 

A Cluster  of  5 Pores  (.005", 
0.004",  (2)  .002"  and  .001") 
.050"  From  the  Surface  at  the 
Initiated  Site 

28-3 

Cutting  Oil  W. 
G-1  Powder 

Scattered  Linear  Porosity  & 
Sice.  Indications 

49,000  Cy 
at  60  ksi 

Initiation  at  Partially  Removed 
(On  Machining)  Sfce  Pore; 
Originally  ~ 0.015"  Dia. 

29-1 

Same 

Oouble  Row  of  Heavy  Porosity 
(.005"  to  .0020")  and  Visual 
Sice  Indications 

20,000  Cy  at 
80  ksi 

Initiation  at  0.002"  Pore,  0.005" 
From  the  Surface.  Massive  Poro- 
sity 1.001"  to  .006"  Elsewhere] 

29-2 

Same 

Same 

107.000  Cy 
60  ksi 

Initiation  at  a Large  Sfce.  Porosity 
Massive  Porosity  Throughout 

29-3 

Same 

Same 

35.000  Cy 
at  50  ksi 

Massive  Porosity  and  Inclusions 
Throughout 

294 

1 

Same 

Same 

5.064.000  Cy 
at  40  ksi  N.F. 

20.000  Cy 
at  90  ksi 

Multiple  Initiations.  Massive 
Porosity  and  Inclusions 

31-1  | 

. 

j 

Same 

Visual  Sice.  Indications. 
(11  ■ .020"  Pore 

93,000  Cy 
at  80  ksi 

Initiation  at  a 0.002“  Sfce.  Pore. 
Overload  Contour  Around  0.022" 
Pore  in  the  Interior. 

31-2  j 

1 

Same 

. | 

Visual  Sice.  Indications. 
Scattered  .005"  to  .020" 
Pores 

103.000  Cy 
at  60  ksi 

Initiation  at  0.006"  Surface  Poro- 
sity. Heavy  Concentration  o< 
.005"  to  .010"  Pores  Elsewhere 

313 

. 

Same 

2 • 0.015"  Pores 
1 • 0.025"  Pores 

398.000  Cy 
45  ksi 

Initiation  at  .008"  Pore  at  the 
Surface;  .015"  Pore  in  the 
Interior 

314 

Same 

Scattered  Porosity  - .005" 
Ave. 

5.041.000  Cy 
at  40  ksi  N.F. 

7.000  Cy 
115  ksi 

Multiple  Initiation  Sites  at 
.002"  to  .005"  Porosity  Ousters 

12 

Grit  Blasting 
U)  Paying  Sice. 

■ 

Linear  Porosity  005"  Ave. 

4.484  Cy 

at  130  ksi 

Multiple  Initiation  Sites 
Concentration  of  .003"  to 
.005"  Porosity 

13-1 

Grit-Blitting 
(t>  Paying  Sice 

Linear  Porosity  .0CS"  Ave. 

1 7.058  Cy 
HO  ksi 

Multiple  Initiation  Sites  - 
Random 

132 

Grit-Blasting 
(V  Paying  Sice. 

.150"  *175"  Void 

2.945  Cy 
at  100  kii 

Large  Surface  Void  Due  to 
Incomplete  Removal  of  the 
Weld  Bead 

Tibi*  B-9.  Detailed  Data  on  Procatsing  and  Evaluation  of  Porosity-Containing 
0.25-Inch-Thick  EB  WEIdmants  (Continued)  (Sheet  3 of  3) 


Spec. 

No. 

Contamination 

Method 

RT  Results 

Fatigue 
(1800  cpm) 
Endurance 

Fractographic  Findings 

13-3 

Grit-Blasting 
(1)  Faying  Sfee. 

No  Indications 

13.760  Cy 
120k$i 

A Cluster  of  2 - .001"  and 
.002"  Porosity  .010"  From  the 
Surface 

17-1 

Sand-Blasting 
(1)  Faying  Sfee. 

No  Indications 

12.624  Cy 
at  120  ksi 

An  Isolated  .004"  Pore  at  the 
Surface 

17-2 

Same 

Same 

23,277  Cy 
at  110  ksi 

Base  Metal  Failure 

17-3 

Same 

Same 

25.833  Cy 
it  105  ksi 

An  Isolated  0.004"  Pore.  .006" 
From  the  Surface 

174 

Same 

Same 

13.256  Cy 
at  125  ksi  i 

Isolated  .001"  Pore.  .005“  From 
the  Surface 
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TabU  B-10.  Rasults  of  Fatigue  Tart*  and  Fractographic  Evaluation*  of  0.2S-lnch-Thick 
EB  Weldments  with  Mismatched  Faying  Surf  act* 


Mismatch 

RT  Ratult* 

Fatigue 
Endurance 
(1800  cpm) 

Fractographic  Findings 

0.025" 

No  Indications 

29,000  Cy 
at  50  ksi 

Multiple  Surface  Initiations  at 
the  Face  of  the  Weld 

Same 

Same 

63.000  Cy 
at  40  ksi 

Mult.  Sfce.  Initiations  at  the 
Root 

Same 

Same 

10.097.000  Cy 
at  25  ksi  N.F. 

12.000  Cy 
at  60  ksi 

Mult.  Sfce.  Initiations  at  the 
Root 

Same 

Same 

293,000  Cy 
at  30  ksi 

Linear  Sfce.  Initiations  at  the 
Root 

0.015" 

Mo  Indications 

i 

7.030.000  Cy 
at  30  ksi  N.F. 

1 1.000  Cy 
At  70  ksi 

Linear  Sfce.  Initiation  at  the 

Face 

Same 

Same 

40,000  Cy 
at  SO  ksi 

Multiple  Initiation*  at  the 

Face 

Same 

i 

Same 

81,OOOCy 
at  40  ksi 

Multiple  Initiations  at  the 
Root 

Same 

Same 

1 

5,033,000 Cy 
at  30  ksi  N.F 
1 7,000  Cy 
at  60  ksi 

Table  B41.  Data  on  Precasting  Parameters,  Geometric  Configuration,  Fatigue 
Properties  and  Fractographic  Findings  on  0.26-lnch-Thick  EB 
Weldments  with  Intentional  Underfills 


Underfill 

Configuration 

w/o 

Ratio 

Fatigua  Endurance 
(a)  - 1800  c pm 

Spec 

No. 

Joint 
Gap,  In. 

RT 

Mam 

Dapth. 

In. 

tb)  - 20  cpm 
Cydts/ksi 

Fractographic 

Findings 

21 

0.01 

Underfill 

.140 

.02 

7 

(a)  7.000/80 

Sfce.  Init.  at  UF 

22 

Same 

Same 

.130 

.01 

13 

(a)  14,000/60 

Same 

2-3 

Same 

Same 

130 

.02 

6.5 

(a)  84.000/40 

Same 

24 

Same 

Same 

.140 

7 

(a)  5.073.000/30 
NF 

14.000/70 

Same 

9-1 

0.025 

Underfill 

.014 

12 

(b)  12.030/70 

Root  Initiation 

92 

Same 

Underfill 

IB 

,015 

10 

tb)  12.535/60 

Sfce  Init.  at  UF 

9 3 

Same 

Underfill 

■B 

.050 

2.6 

tb)  18.994/60 

Same 

94 

Same 

Underfill 

.13 

.045 

2 .9 

tb)  S.12S/65 

Same 

10-1 

0.040 

Same 

.13 

.035 

3.7 

(a)  7.702.000/40 
10.000/70 

Same 

102 

Same 

Same 

.13 

.040 

3.3 

(3)  12,000/60 

Same 

10*3 

Same 

Same 

.12 

2,4 

ta)  22,000/40 

Same 

104 

Same 

Same 

.10 

.too  ! 

1 

tb)  5,052/25 

Same 

11  1 

Same 

Same 

.090 

,065 

1.4 

(a)  5.087.000*15 
(a)  14.000/30  NF 

Same 

Same 

11  2 

Same 

Same 

11 

m 

IS 

(a)  14.000/30 

Same 

113 

Same  - 

Same 

«2 

m 

14 

(a)  32,000/20 

Same 

114 

Same 

Same 

.10 

.095 

1.05 

(at  12.786.000/10 
NF 

4,000/30 

Same 

12  1 

Same 

.14 

.020 

7 

tb)  32.000/60 

Root  Initiation 

12*2 

Same 

Same  ■ 

.14 

.040 

3.5 

(b)  22.17665 

Sloe  init,  at  UF 

12*3 

Same 

Same 

.13 

ngm 

2.4 

(a)  5.046.000/25 
NF 

11,000/60 

Same 

m 


Table  B-12.  Oats  on  Radiographic  Findings,  Fatigue  Endurance  and  Fractographic 
Analyses  of  Surface  Contaminatad  0.26-lnch-Thick  EB  Walds 


Spac.  No. 

RT  Results 

Fatigue  Endurance 

Fractographic  Findings 

2-1 

OK 

64,000  Cy  at  60  ksi 

No  porosity  at  the  Initiation 
Site.  Fine  (0.001 "!  Scattered 
Porosity  in  the  interior.  Linear 
Sfce  initiation. 

2-2 

OK 

7.178.000  Cy  at  46  ksi,  N.F. 

14.000  Cy  at  80  ksi 

Linear  Sfce.  Initiation 
No  Porosity 

23 

OK 

7.048.000  Cy  at  40  ksi.  N.F. 

10.000  Cy  at  90  ksi 

Same 

Table  B-13.  Fatigue  Endurance  Values  and  Results  of  Fractographic  Evaluation  of  Flawless  PAW  Specimens 


Spec.  No. 

Fatigue  Endurance  1800 
cpm  Tests,  unless 
otherwise  indicated,  CY/KSI 

Fractography 

1-1 

61,000  at  100 

Base  metal  failure 

1-2 

6,100  at  140(20  cpm) 

Stce  init  at  edge  no  porosity 

1-3 

6,500  at  140  (20  cpm) 

Init  at  .003"  pore  in  the  linear  arrangm  approx  .035 
from  the  [face-side]  surface 

1-4 

27,200  at  115  (20  cpm) 

Mult  init  sites  in  003"  pores  in  linear  arrangement  .020" 
from  the  surface 

2-1 

128,000  at  85 

Init  in  (2)  pore  [.002"  and  .003"]  cluster  in  linear 
arrangm 

2-2 

27,000  at  115 

Base  metal  failure 

2-3 

130,000  at  85 

Init  at  .003"  pore  in  linear  arrangm 

2-4 

36,000  at  115 

Base  metal  failure 

3-1 

301,000  at  80 

Init  at  .003"  pore  in  linear  arrangm 

3-2 

5.032.000  at  75  NF 

20.000  at  130 

Base  metal  failure 

3-3 

795,000  at  80 

Init  at  .002"  pore,  .070"  from  Stce. 

3-4 

580,000  at  77.5 

Init  at  .003"  pore  in  linear  arrangement 

Note:  NF  - No  Failure 
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Tabi*  B-14.  Data  on  Processing,  Pre-Test  Radiography,  and  Proctography  of  Porosity— Containing  Weldments  Produced  by 
(Mechanized)  PAW  (Sheet  2 of  2) 


Tabic  B-15.  Fatigue  Endurance  Data  on  Mismatched  0.25-inchThick  PAW  Specimens 


Spec. 

No. 

Fatigue  Endurance  (1800  cpm  Tests) 

Mismatch,  1 
In. 

3-1 

14,000  Cy  at  70  ksi 

.016 

3-2 

41,000  Cy  at  50  ksi 

.016 

3-3 

5.002.000  Cy  at  40  ksi-N.F. 

12.000  Cy  at  70  ksi 

.016 

34 

61,000  Cyat  45  ksi 

.016 

4-1 

64,000  Cy  at  50  ksi 

.025 

4-2 

53,000  Cyat  40  ksi 

.025 

4-3 

7.090.000  Cy  at  30  ksi-N.F. 

5.000  Cy  at  75  ksi 

.025 

4-4 

115,000  Cy  at  35  ksi 

.025 

219 
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Figure  B-16.  Fatigue  Endurance  of  0.25-Inch-Thick  PAW  Weldments  with  Minor  Underfill 


Spec. 

Underfill,  In. 

Fatigue  Endurance  at 

No. 

Depth 

Width 

1800  cpm,  Unless  Otherwise  indicated 

Failure  Initiation 

4F1-1 

.010 

mm 

14,288  Cy  at  1 15  ksi  (20 cpm) 

Root 

1-2 

.005 

wsm 

10,593  Cy  at  1 15  ksi  (20  cpm) 

Root 

1*3 

.005 

.15 

13.120  Cy  at  115  ksi  (20  cpm) 

Root 

14 

.010 

.13 

18,693  Cy  at  100  ksi  (20  cpm) 

Root 

2-1 

.005 

.15 

7.029.000  Cy  at  60  ksi  N.F. 

15.000  Cy  at  115  ksi 

Face  (UF) 

2-2.005 

.15 

.15 

29,224  Cy  at  90  ksi  (20  cpm) 

Face  (UF) 

2-3 

.010 

. .16 

112,000  Cy  at  80  ksi 

Base  Metal 

24 

.005 

.15 

21,000  Cy  at  100  ksi 

Root 

3-1 

.010 

.15 

31,000  Cy  at  80  ksi 

Root 

3-2 

.005 

.15 

5.012.000  Cy  at  60  ksi-N.F. 

22.000  Cy  at  100  ksi 

Root 

3-3 

.005 

.17 

7.183.000  Cy  at  70  ksi-N.F. 

16.000  Cy  at  115  ksi 

Root 

34 

.005 

.15 

462,000  Cy  at  75  ksi 

Root 

4-1 

.005 

.16 

109,000  Cy  at  80  ksi  (20  cpm) 

Base  Metal 

4-2 

.005 

.15 

22,787  Cy  at  100  ksi  (20  cpm) 

Root 

4-3 

.005 

.17 

19,045  Cy  at  100  ksi 

Root 

Undercut 

LIC1-1 

m 

> 

.11 

14,000  Cy  at  90  ksi 

Face  (UC) 

1-2 

.10 

9,000  Cy  at  70  ksi 

Disregard-Grooves 

on  the  Sfce. 

1*3 

.010 

.10 

30,000  Cy  at  70  ksi 

Disregard-Grooves 
on  the  Sfce. 

14 

.007 

.12 

2,574,000  Cy  at  60  ksi 

Subsurface  Init.  at 
.006"  Pore  .040" 
From  (Face/Sfce.) 

2-1 

.010 

.08 

57,000  Cy  at  80  ksi 

Root 

22 

.005 

.09 

63,000  Cy  at  70  ksi 

Root 

2-3 

.005 

.07 

5.004.000  Cy  at  65  ksi  N.F. 

16.000  Cy  at  100  ksi 

Root 

22 


Table  B-17.  Fatigue  Endurance  of  0.25-Inch-Thick  PAW  Weldments  with  Minor  Underfills  or  Undercuts 


Fatigue  Endurance  [1800  cpm] 


No. 

Cycles 

Max.  Stress,  ksi 

1-1 

80 

1-2 

60 

1-3 

6,990,000 

60-N.F. 

■ 

95 

14 

5,004,000 

55-N.F. 

15,000 

90 

3,096,000 

70 

56,000 

90 

2-3 

13,000 

110 

24 

59,000 

80 

Table  B-18.  Processing  and  Fatigue  Endurance  of  Surface-Contamination 
Type  PAW  Weldments 


Spec. 

No. 

Surface  Contamination 

Fatigue  Endurance 

1-1 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

23,000  Cy  at  70  ksi 

Trial  Sheild  Argon  Decreased  From  100  cfh  to  30  cfh 

14,000  Cy  at  80  ksi 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

58,000  Cy  at  60  ksi 

14 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

190,000  Cy  at  50  ksi 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

105,000  Cy  at  60  ksi 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

5.010.000  Cy  at  50  ksi-N.F. 

7.000  Cy  at  100  ksi 

2-3 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

94,000  Cy  at  55  ksi 

24 

Trial  Shield  Argon  Decreased  From  100  cfh  to  30  cfh 

61,000  Cy  at  65  ksi 

3-1 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

7.456.000  Cy  at  40  ksi-N.F. 

12.000  Cy  at  90  ksi 

3-2 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

161,000  Cy  at  50  ksi 

3-3 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

5.051.000  Cy  at  45  ksi-N.F. 

1 1.000  Cy  at  90  ksi 

34 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

79,000  CyatSO  ksi 

4-1 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

5.004.000  Cy  at  55  ksi-N.F, 

13.000  Cy  at  i 00  ksi 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

34.000  Cy  at  70  ksi 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

9.927.000  at  50  ksi-N.F. 

12.000  Cy  at  95  ksi 

44 

Eliminate  Trail  Shield  & Torch  Shield  Normal 

20.000  Cy  at  80  ksi 

T«6lt  B-19.  Fatigua  and  FractoyaphU:  Charactarittics  of  Flaw* ns  GMA  Spaeimans 

1 " ~ . 


Tab  It  B-20.  Fatigue  Enduranot  and  Fractographic  Data  on  0.25-Inch-Thick  GMA  Welds  with  Lack-of-Penetretlon 
and  Undercut  Dafactt 


Spec 

No. 

RT 

Fatigue  Endurance 

1 

Fraetography 

P5-1 

Incompi. 
Penetr  (LP] 
and  Under- 
cut 

31 ,000  Cy  at  40  ksi 

Failure  Init.  in  Undercut  at  the  Face 
(Undercut  - .005"  Deep,  .040"  Wide) 

P6-2 

Same 

444,000  Cy  at  20  ksi 

LP  .030"  to  .040",  3/4  of  Width 

P6-3 

Same 

5.001 .000  Cy  at  1 S ksi  N.F. 

13.000  Cy  at  50  ksi 

LP  of  .030"  to  .045"  in  Depth 
Failure  Init.  at  LP 

6-1 

Same 

27,000  Cy  at  40  ksi 

LP  of  .035  to  .050"  Failure  Init.  at  LP 

6-2 

Same 

675,000  Cy  at  20  ksi 

0.032"  LP  in  1/2  of  the  Width,  Failure  Init.  at  LP 

5-1 

Same 

49,000  Cy  at  40  ksi 

Init.  at  Face  Undercut  (.020"  Deep,  .075  Wide) 

5-2 

Same 

141,000  Cy  at  30  ksi 

Init.  at  Face  Undercut  (.010"  Deep.  .075"  Wide) 

5-3 

Same 

214,000  Cy  at  25  ksi 

Init.  at  Face  Undercut  (.040"  Oeep.  .125"  Wide) 

54 

Same 

5.399.000  Cy  at  20  ksi  N.F. 

13.000  Cy  at  55  ksi 

Init.  at  Face  Undercut 

6-3 

Same 

142,000  Cy  at  30  ksi 

Init.  at  Face  Undercut  (.002"  Deep,  .070“  Wide) 

64 

Same 

760,000  Cy  at  25  ksi 

Failure  in  0.006"  Deep  LP 

Table  XI.  Fatigue  Endurance  and  Fractographic  Data  on  0.25-lnchThick  GMA  Welds  with  Lack -of - 
Penetration  and  Undercut  Defects 


Spec. 

No. 

Fatigue  Endurance 
1800  cpm  Tests,  unless 
Otherwise  Indicated 

Fractography 

1*1 

61,000  Cy  at  tOOksi 

Base  Metal  Failure 

1*2 

6,100  Cy  at  140  ksi  (20  cpm) 

Sfce.  Init.  at  Edge.  No  Porosity 

1*3 

6,500  Cy  at  140  ksi  (20  cpm) 

Init.  at  .003“  Pore  in  Linear  Arrangement 
Approx,  .035  From  the  (Face  Sidel  Surface 

14 

27,200  Cy  at  115  ksi  (20  cpm) 

Mult.  Init.  Sites  in  .003“  Pores  in  Linear 
Arrangement  .020"  From  the  Surface 

2*1 

1 28,000  Cy  at  85  ksi 

Init.  in  (2)  Pore  (.002"  and  .003")  Ouster  in 
Linear  Arrangement 

22 

27,000  Cy  at  115  ksi 

Base  Metal  Failure 

2-3 

130,000  Cyst  85  ksi 

Init.  at  .003"  Pore  in  Linear  Arrangement 

24 

36,000  Cy  at  115  ksi 

Base  Metal  Failure 

3*1 

301,000  Cy  at  80  ksi 

init.  at  .003"  Pore  in  Linear  Arrangement 

3-2 

5.032.000  Cy  at  75  ksi  N.F. 

20.000  Cy  at  130  ksi 

Base  Metal  Failure 

3-3 

795,000  Cy  at  80  ksi 

Init.  at  .002"  Pore.  .070"  From  Sfce. 

34 

580.0WCyat77.Sksi 

Init,  at  .003"  Pore  in  Linear  Arrangement 

Tab)*  B-21.  Fatigue  Endurance,  and  Radiographic  and  Fractographic 
Data  on  Porous  GMA  Walds 


Spec  No. 

RT 

Fatigue  Endurance  9 
(1800  cpm)  cy/ksi 

Fractography 

4-1 

Scattered  and  Linear 
Porosity 

116.000/50 

No  Porosity  at  Sfce.  Init.  Site 

4-2 

Same 

183.000/40 

Interna)  Cluster  of  6 Pores 
[ 004"  to  .020"  Range]  at  Init. 

4-3 

Incpmpl.  Fusion 
One  .035  Pore 

301.000/30 

Disregard  - Mach.  Defect 

8-1 

Scat.  Porosity 
.003"  to  .020'* 

91.000/60 

.012"  and  .008"  Pores  at  Init. 
Site  .050"  From  Sfce. 

8-2 

Linear  Porosity 
.005"  to  .020" 

49,000/80 

Two  .010"  Pores.  .006“  Apart 
at  Init.  Site  .025"  From  Sfce 

8-3 

Scat.  Porosity 
.005"  to  .010" 

7,343,000/40  (2) 
17.000/105 

.008"  Pore  at  Init.  .020"  From 
Sfce.  Multiple  Init.  Sites 

9-1 

No  Porosity 

44,000/70 

No  Porosity  at  Sfce  Init.  Site 

9*2 

.005“  - .010“  Pores 

72.000/90 

Base  Metal  Failure 

94 

.005"  - .010"  Pores 

33.000/70 

.015"  Pore  at  Init.  .070"  From 
Sfce.  Multiple  Init.  Sites 

6-1 A 

.005"  to  .020"  Pores 

134.000/70 

Multiple  Sfce  and  Subsfce.  Init. 

6-2 

.005"  to  .020"  Pores 

14,000/90 

Multiple  Sfce  and  Subsfce  Init. 

6-3A 

Scat.  Porosity 
.005"  to  .010" 

1.669.000/50 

.010"  and  .006"  Pores  at  Inter- 
ior Init.  Site 

10-2 

.005"  to  .015"  Pores 

5.000.000/30  (2) 
77,000/80 

.009"  Pore  at  Sfce  Init.  Site 

10-3 

.OIK”  to  .015"  Pores 

3.351.000/46 

Six  Pores  ( .006"  to  .015")  at 
Subsurface 

104 

.005"  to  .015"  Pores 

146,000/60 

Sfce.  and  Subtle*  Init.  Sites 

13-2 

Linear  Isolated 
.002"  to  .015"  Pores 

5.034.000/50(2) 

11,000/105 

Multiple  Subtfce  Init.  Sites 

13-3 

Same 

90.000/70 

.007"  Pore  at  Sfce.  initiation 

14*1 

.0/5"  and  .100  Voids 

393.000/60 

.002"  Pore  at  Sfce  Init. 

14*F 

.010”  and  .020"  Pores 

165.000/55 

.008"  Pore  at  Sfce  Init. 
Two  ,003"  Pores  at  Subsfce. 

14-3 

Tern  .010"  Pores 

301.000/30 

flobouf  Fract.  Sfor 

6-38 

Damaged  Film 

21.707/110(1) 

Multiple  Interior  Init.  Site* 

64 

Damaged  Film 

2,763/t25(l) 

Multiple  Subsfce  Init.  Site* 

13-1 

.005”  Pores 

26.670/110(1) 

Base  Metal  Failure 

134 

Scattered, 

.002”  - .020"  Pores 

6,140/125(1) 

Multiple  Interior  Init.  Sites 

Nous:  1)  20  cpm 

2)  No  Failure 
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